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Chapter  10 

Molecular  Beam  Epitaxy  of  Sb-based  Semiconductors 
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20315-5341. 


10.1  Introduction 

The  growth  of  semiconductor  antimonides  by  molecular  beam  epitaxy  (MBE) 
was  first  reported  in  the  late  1970’s.1’2,3  In  recent  years,  the  emergence  of  sev¬ 
eral  potential  device  applications  has  resulted  in  increased  activity  in  the  field. 
Much  of  the  work  focuses  on  GaSb  and  AlSb  because  they  are  nearly  lattice- 
matched  to  each  other  and  to  InAs  (a0)J4;si=6.1355  A,  aO)<jasi=6.0954  A, 
ao,l'nJ4s::::6.0584  A).  These  semiconductors  are  often  referred  to  as  the  “6.1  A 
family.”  Ternaries  such  as  InxGai_xSb,  AlAs^Sbj-a,,  and  GaAs^Sbi-j,  also 
have  lattice  constants  close  to  6.1  A  if  s  is  small.  The  interest  in  6.1  A  ma¬ 
terials  is  based  upon  the  wide  range  of  available  band  alignments  and  band 
gaps.  These  are  illustrated  in  Fig.  10.1.  For  example,  InAs  is  a  small  band- 
gap  semiconductor  (E<?j3ooif=0.36  eV)  with  a  small  electron  effective  mass 
(me=0.023mo)  and  large  room-temperature  mobility  (30,000  cm2/V-s).  Hence, 
it  is  a  candidate  for  the  channel  material  in  high-speed  field-effect  transis¬ 
tors  (FETs).  AlSb  is  an  indirect-gap  semiconductor  with  a  large  band  gap 
(1.63  eV).  The  conduction  band  offset  between  AlSb  and  InAs  is  1.35  eV, 
making  AlSb  a  potential  barrier  material  for  FETs.  A  second  example  is 
InAs/GaSb.  The  band  alignment  is  type-II,  with  the  GaSb  valence  band  lying 
above  the  InAs  conduction  band.  Short-period  superlattices  formed  with  InAs 
and  GaSb  have  small,  tunable  energy  gaps  and  high  absorption  coefficients. 
Hence,  they  are  candidates  for  long-wavelength  infrared  detectors. 

In  Sec.  10.2  of  this  chapter  we  will  discuss  the  growth  of  single  layers  of 
GaSb  and  AlSb.  In  particular,  we  will  focus  on  issues  of  surface  morphology, 
reconstructions,  and  self-assembled  quantum  dots.  In  Sec.  10.3  we  will  discuss 
Sb-based  heterostructures.  We  will  first  address  issues  of  critical  layer  thick¬ 
ness,  growth  temperature,  and  interfacial  bonds.  Then,  we  will  look  at  four 
specific  systems:  InAs/AlSb  superlattices,  InAs/AlSb  single  quantum  wells  for 
FET  applications,  InAs/GaSb  single  quantum  wells,  and  InAs/InGaSb  super- 
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Figure  10.1:  Band  alignment  of  6.1  A  III-V  semiconductors  (InAs,  GaSb,  and  AlSb)  at 

300  K. 

lattices  for  infrared  detectors.  In  general,  we  will  focus  on  the  work  of  our  group 
at  the  Naval  Research  Laboratory  (NRL).  Because  of  space  limitations,  several 
important  topics  will  not  be  addressed  here.  These  include  MBE  of  InSb  4,5 
and  InSb-based  heterostructures  such  as  InSb/InAlSb,6,7  (R^GajAljAstfSbi-a; 
ternaries  and  quaternaries,8  resonant  tunneling  diodes,9  and  infrared  lasers.10,11 
Although  MBE  has  been  used  in  the  majority  of  work  in  Sb-based  thin-film  epi¬ 
taxy,  important  advances  have  also  been  reported  using  metal-organic  chemical 
vapor  deposition12  but  will  not  be  discussed  here. 

10.2  Binary  Layers 

In  this  section,  we  will  discuss  the  MBE  growth  of  layers  of  binary  semicon¬ 
ductors.  First,  we  consider  relatively  thick  layers  of  GaSb  and  AlSb.  Then,  we 
discuss  the  formation  of  self-assembled  quantum  dots  at  monolayer  coverages 
of  GaSb,  AlSb,  and  InSb  on  GaAs  substrates. 

10.2.1  Surface  Morphology,  Reconstructions,  and  Transport 

Currently,  GaSb  substrates  are  considerably  more  expensive  than  GaAs  sub¬ 
strates.  Highly  resistive  substrates  of  GaSb  have  not  been  achieved.  In  con¬ 
trast,  semi-insulating  GaAs  is  readily  available.  For  these  reasons,  much  of  the 
reported  work  on  MBE  of  GaSb  uses  GaAs  substrates.  The  lattice  constant 
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of  GaSb  is  8%  larger  than  that  of  GaAs.  Hence,  thick  films  of  GaSb  on  GaAs 
always  contain  a  high  density  of  misfit  dislocations.13,14 

We  used  in  situ  scanning  tunneling  microscopy  (STM)  to  examine  the 
surface  morphology  of  GaSb  films  on  GaAs  as  a  function  of  thickness.15  Exper¬ 
iments  were  carried  out  in  an  interconnected,  multi-chamber  ultrahigh  vacuum 
(UHV)  facility  that  includes  a  Ill-V  semiconductor  MBE  chamber  and  a  surface 
analysis  chamber  with  STM.  The  substrates  were  n+GaAs,  oriented  to  within 
0.1°  of  (001).  First,  a  GaAs  buffer  layer  was  grown  at  580  °C.  Next,  the  sample 
was  cooled  to  490  °C  under  an  AS4  flux  and  GaSb  was  grown.  The  sample 
was  then  cooled  to  room  temperature  and  transferred  to  the  STM  chamber. 
Images  were  acquired  in  constant-current  mode  with  currents  between  0.1  and 
0.5  nA  and  sample  biases  ranging  from  -0.3  to  -3.0  V. 

In  Fig.  10.2,  we  show  the  STM  images  after  growth  of  100  A,  1000  A,  and 
1.0  pm  of  GaSb  on  GaAs.  At  100  A  (Fig.  10.2a),  the  surface  is  very  rough,  the 
result  of  3D  growth  and  the  coalescence  of  islands.  (The  early  stages  of  island 
growth  will  be  discussed  later.)  After  1000  A  of  GaSb  (Fig.  10.2b),  however, 
the  surface  is  considerably  smoother,  with  well-defined  terrace  edges.  A  large 
density  (~50  pm-2)  of  threading  dislocations,  including  many  dislocation  half- 
loops,  are  seen  emerging  from  the  surface.  As  the  film  thickness  increases,  some 
of  the  dislocations  annihilate  one  another.  At  a  film  thickness  of  1.0  pm  (Fig. 
10.2c),  the  dislocation  density  is  reduced  to  approximately  5  pm-2.  The  film 
is  growing  in  a  spiral  mode.  Pyramidal  structures  are  visible,  with  one  or  more 
threading  dislocations  emerging  at  the  top  and  500  A-wide  terraces  winding 
down  towards  the  bottom.  Spirals  of  GaSb  on  GaAs  were  also  observed  by 
ex  situ  atomic  force  microscopy  (AFM)!6,17  The  terrace  width  increased  with 
increasing  growth  temperature,  presumably  due  to  longer  diffusion  lengths  for 
Ga  atoms  at  higher  temperatures. 

In  the  case  of  GaSb  homoepitaxy,  a  high  density  of  threading  dislocations 
is  not  expected.  AFM  observations  of  Brar  et  alP  as  well  as  our  own  in  situ 
STM  measurements  show  no  evidence  of  spiral  growth.  Instead,  we  observe 
mounds  of  GaSb  on  the  surface,  as  shown  in  Fig.  10.3.  These  mounds  consist 
of  concentric  growth  rings,  with  each  step  equal  to  one  monolayer  (ML).  The 
density  of  the  mounds  is  a  function  of  the  quality  of  the  starting  substrate. 
For  GaSb(001)  from  vendor  A,  we  consistently  observed  mound  densities  of 
approximately  lxl08/cm2  (Fig.  10.3a).  Substrates  from  vendor  B,  however, 
produced  densities  of  only  4xl06/cm2  (Fig.  10.3b).  Apparently,  these  mounds 
grow  around  imperfections  in  the  starting  substrate. 

Subbanna  et  al.  studied  reflection  high  energy  electron  diffraction 
(RHEED)  intensity  oscillations  for  GaSb  growth  on  GaAs  substrates.18  Oscilla¬ 
tions  are  caused  by  periodic  changes  in  the  island  density  on  the  surface  during 
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Figure  10.2:  In  situ  STM  images  of  GaSb  on  GaAs:  (a)  100  A  thick  (gray-scale  range 
«500  A),  (b)  1000  A  thick  (range«100  A),  and  (c)  1.0  /m  thick  (range«60  A). 


growth,  with  each  oscillation  corresponding  to  the  growth  of  one  monolayer.19 
They  observed  oscillations  for  growth  temperatures  of  400-450  °C,  but  not 
at  higher  temperatures.  We  have  confirmed  these  observations  for  GaSb  on 
GaAs.  During  GaSb  growth  on  high-quality  (vendor  B)  GaSb  substrates,  how¬ 
ever,  we  routinely  observe  RHEED  oscillations  at  temperatures  of  400-550  °C. 
These  results  can  be  explained  in  terms  of  step-flow  growth.  In  the  case  of 
GaSb  on  GaAs,  the  entire  surface  is  covered  with  spirals.  The  short  terrace 
widths  (200-500  A)  allow  impinging  Ga  atoms  to  reach  and  incorporate  into 
a  terrace  edge,  resulting  in  step-flow  growth  with  constant  island  density  and 
an  absence  of  RHEED  oscillations  for  temperatures  above  450  °C.  The  terrace 
widths  are  typically  greater  than  1000  A  on  GaSb  substrates,  corresponding 
to  a  miscut  of  less  than  0.2°  from  (001).  As  a  result,  most  impinging  Ga 
atoms  cannot  diffuse  to  a  terrace  edge,  and  instead  form  2D  islands  on  exist¬ 
ing  terraces,  resulting  in  RHEED  oscillations.  We  have  also  observed  GaSb 
oscillations  at  temperatures  of  500-550  °C  when  30-50  A  GaSb  caps  are  grown 
on  a  4  fim  AlSb/GaAs  substrate.  This  result  is  consistent  with  large  terraces 
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(a)  (b) 

Figure  10.3:  In  situ  STM  images  of  GaSb  homoepitaxy:  (a)  MBE  growth  on  GaSb  (001)  sub¬ 
strate  from  vendor  A,  (b)  MBE  growth  on  GaSb  (001)  substrate  from  vendor  B.  Monolayer 
terraces  (~3  A)  are  visible  on  both  samples. 


on  AlSb/GaAs  structures. 

Unintentionally  doped  GaSb  layers  grown  by  MBE  are  generally  p-type 
with  hole  concentrations  of  1016-1017/cm3.20'21  Room-temperature  and  77  K 
mobilities  as  large  as  1000  and  6000  cm2/V-s,  respectively,  have  been  reported. 
The  native  acceptor  is  generally  thought  to  be  an  intrinsic  defect,  possibly  Ga 
on  an  Sb  site.  Te  is  the  most  common  n-type  dopant.  Because  of  the  high 
vapor  pressure  of  elemental  Te,  compounds  such  as  GaTe  and  PbTe  are  usually 
used  as  sources.  Controlled  n-type  doping  in  the  1015-1018/cm3  range  has  been 
achieved.22,23 

Growth  of  AlSb  on  GaAs  substrates  has  also  been  investigated  by  RHEED 
and  STM.  Subbanna  et  al.  found  that  RHEED  oscillations  could  be  observed 
after  as  little  as  350  A  of  AlSb.18  In  contrast,  much  thicker  layers  of  GaSb  or 
InAs  on  GaAs  are  required  before  RHEED  oscillations  are  observed.  Our  STM 
observations  are  consistent  with  the  RHEED  studies.24  In  Fig.  10.4,  we  show 
in  situ  STM  images  of  1000  A  films  of  AlSb  on  GaAs.  The  growth  rate  was 
constant  at  1.0  ML/s  and  the  temperature  was  varied  as  indicated,  using  Sb4. 
In  all  cases,  the  surface  is  much  smoother  than  1000  A  of  GaSb  on  GaAs  (Fig. 
10.2b).  The  optimum  growth  temperature  is  near  560  °C,  with  smaller  terraces 
at  lower  temperatures  and  100  A-deep  pits  at  620  °C.  A  common  practice  for 
growth  of  6.1  A  materials  on  GaAs  is  to  first  grow  a  500-1000  A  nucleation 
layer  of  AlSb  near  560  °C. 
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Figure  10.4:  In  situ  STM  images  of  1000  A  films  of  AlSb  on  GaAs  (001).  The  growth 
temperature  of  the  AlSb  is  indicated  for  each  sample.  Monolayer  (~3  A)  terraces  are  visible 
on  (a)-(c).  The  AlSb  layer  in  (d)  exhibits  100  A-deep  pits  (from  Ref.  24). 


If  growth  is  interrupted  after  several  thousand  angstroms  of  AlSb  on  GaAs, 
100  or  more  RHEED  oscillations  can  be  routinely  observed.  In  Fig.  10.5,  we 
show  RHEED  data  for  AlSb  grown  at  500  °C  on  a  GaAs  substrate.  The  first 
set  of  oscillations  was  recorded  following  a  30  s  growth  interrupt  under  an 
Sb4  flux.  The  interrupt  time  was  reduced  to  20,  10,  and  5  s  for  subsequent 
growths.  From  the  period  of  the  oscillations,  the  growth  rate  is  found  to  be 
1.03  ML/s=3.16  A/s=1.14  pm/hr.  The  intensity  and  duration  of  the  oscil¬ 
lations  are  reduced  when  the  interrupt  time  is  reduced  because  the  surface 
does  not  have  sufficient  time  to  form  large  terraces.  A  few  oscillations  were 
observed  after  interrupts  of  only  3  and  1  s  (not  shown).  A  beat  phenomenon 
is  superimposed  on  the  oscillations.  It  results  from  lateral  flux  nonuniformities 
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Figure  10.5:  RHEED  intensity  recorded  during  the  growth  of  AlSb.  Strong  oscillations  are 
observed  after  growth  interrupts. 


across  the  sample.25 

Recently,  a  new  technique  known  as  photoemission  oscillations  was  intro¬ 
duced.26  The  periodicity  of  the  oscillations  corresponds  to  the  growth  rate. 
Apparently,  photoemission  oscillations,  like  RHEED  oscillations,  are  related 
to  fluctuations  in  the  surface  step  density.  They  have  been  applied  to  measure 
growth  rates  of  materials  including  AlSb  and  InAs.  Photoemission  oscillations 
can  be  measured  during  substrate  rotation,  allowing  for  immediate  feedback  to 
control  layer  thicknesses  in  structures  such  as  resonant  tunneling  diodes.27  The 
lattice  constant  of  AlSb  is  0.66%  larger  than  that  of  GaSb.  Hence,  we  expect  a 
two-dimensional  (2D)  growth  mode,  with  the  formation  of  misfit  dislocations  to 
relieve  strain.  RHEED  observations  confirm  this  prediction,  with  no  evidence 
of  transmission  spots  during  growth.  STM  measurements  of  a  1  pm  film  of 
AlSb  on  GaSb  reveal  a  relatively  smooth  surface  with  clear  monolayer  terraces 
(Fig.  10. 6).28  In  addition,  we  observe  a  classic  cross-hatching  pattern  resulting 
from  misfit  dislocations  oriented  in  the  [110]  and  [110]  directions.29 

Little  work  has  been  reported  on  the  transport  properties  of  AlSb.  Early 
work  by  Chang  et  al.  achieved  p-type  AlSb  (1015-1019/cm3)  under  normal 
growth  conditions  using  Ge  as  a  dopant.30  Under  conditions  of  very  high  Sb 
flux,  however,  Ge  was  an  n-type  dopant.  Si  is  also  expected  to  be  an  amphoteric 
dopant  in  AlSb.31  Under  normal  growth  conditions,  Si-doped  layers  are  p- 
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Figure  10.6:  In  siiu  STM  image  of  1  fim  epitaxial  layer  of  AlSb  on  GaSb(OOl).  Monolayer 
(~3  A)  terraces  and  cross-hatch  lines  are  present  (from  ref.  28). 


type.  To  develop  a  test  of  AlSb  purity  and  avoid  ambiguities  associated  with 
amphoteric  dopants,  we  grew  a  series  of  thick  layers  of  Be-doped  AlSb  on 
GaAs.  The  results  are  shown  in  Fig.  10.7.  The  room  temperature  mobility 
is  indicated  next  to  each  data  point.  No  corrections  were  made  for  depletion 
effects.  The  doping  densities  are  comparable  to  GaAs(Be)  layers  grown  with 
the  same  Be  cell  temperatures.  As  expected,  mobilities  generally  increase  with 
decreasing  carrier  density.  Antimony  sources  were  compared  by  growing  two 
layers  with  Tse=590  °C.  For  one,  the  antimony  source  was  a  conventional  cell, 
yielding  Sb4.  For  the  other,  an  antimony  cracker  was  employed.  The  cracker 
zone  temperature  was  800  °C,  probably  resulting  in  a  combination  of  Sb2  and 
gb1 32,33  As  shown  in  Fig.  10.7,  the  layers  have  identical  carrier  concentrations 
and  room-temperature  mobilities.  We  also  compared  growth  temperatures  of 
530  and  600  °C  with  Tbc=570  °C.  The  mobility  and  net  carrier  concentration 
were  larger  for  the  600  °C  sample,  suggesting  less  incorporation  of  n-type 
impurities.  The  results  in  Fig.  10.7  imply  a  donor  concentration  of  less  than 
1015/cm3  for  AlSb  in  our  MBE  system.34  Values  reported  in  the  literature  are 
somewhat  higher.  Ideshita  and  Furukawa  measured  carrier  concentrations  in 
InAs/AlSb  single  quantum  wells  (SQWs)  and  obtained  values  of  the  donor 
concentration  in  AlSb  of  1.5xl017/cm3  and  5xl015/cm3,  depending  upon  the 
oxygen  content  of  the  source  Sb.35,36  Using  similar  test  structures,  Nguyen  ei 
al.  found  values  of  2xl015  and  1.0xl016/cm3.3' 

Surface  reconstructions  of  GaSb  and  AlSb  have  been  studied  by  RHEED 
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Figure  10.7:  Net  carrier  concentration  for  thick  layers  of  Be-doped  AlSb  on  GaAs.  Room- 
temperature  hole  mobilities  are  indicated  for  each  sample.  Unless  otherwise  noted,  AlSb  lay¬ 
ers  were  grown  at  530  °C  using  Sb4.  Epilayers  were  3-5  /im  thick  except  for  the  Tbc=540  °C 

sample  which  was  9  ^m. 


and  x-ray  photoelectron  spectroscopy  (XPS).38,39, 40,41,42,43,44  A  GaSb  surface 
under  an  Sb  flux  exhibits  a  (2x5)  and/or  c(2xl0)  reconstruction.45  As  tem¬ 
perature  is  increased,  the  reconstruction  changes  to  c(2x6)  and  then  (1x3). 
AlSb  also  reconstructs  to  a  (1x3)  surface  at  high  temperatures.  At  lower  tem¬ 
peratures,  however,  the  reconstruction  is  c(4x4).  In  Fig.  10.8,  we  plot  the 
reconstruction  transitions  under  various  Sb4  and  Sb2  fluxes  as  a  function  of 
substrate  temperature.46  These  transitions  are  often  used  as  a  method  to  es¬ 
timate  substrate  temperature.  Hysteresis  effects  are  typically  observed,  with 
different  transition  temperatures  for  (2x5)— >c(2x6)  and  c(2x6)  —>(2x5).  In 
addition,  we  have  found  that  the  transition  temperatures  are  affected  by  As 
contamination  on  the  surface.  Hence,  this  temperature  measurement  technique 
should  be  used  with  care. 

10.2.2  Self-Assembled  Quantum  Dots 

The  Stranski-Krastanov  (SK)  growth  mode  in  strained-layer  heteroepitaxy 
has  been  recognized  for  decades.47,48,49  In  this  mode,  the  deposited  layer  ini¬ 
tially  grows  as  a  2D  wetting  layer  for  at  least  one  monolayer.  Then,  three- 
dimensional  (3D)  islands  form  on  the  wetting  layer.  Under  appropriate  growth 
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Figure  10.8:  Surface  reconstructions  as  a  function  of  temperature  and  Sb*  flux  for  thick 
layers  of  GaSb  and  AlSb  on  GaAs  substrates.  Based  upon  GaSb  RHEED  oscillations,  an 
Sb4  flux  of  1.4x10”*’  Torr  corresponds  to  1.0  ML/s  of  Sb.  Transition  temperatures  were 
determined  by  cooling  the  sample  to  below  the  transition  and  increasing  temperature  in  5  0  C 
increments.  Substrate  temperatures  were  measured  by  GaAs  transmission  thermometry. 


conditions,  these  islands  are  isolated,  coherent,  and  sufficiently  small  to  be  con¬ 
sidered  quantum  dots  (QDs).  Because  no  lithographic  patterning  is  required, 
the  QDs  are  said  to  be  self-assembled.  Recently,  self-assembled  QDs  have  been 
grown  in  a  variety  of  semiconductor  systems.  A  majority  of  the  work  has  fo¬ 
cussed  on  In(Ga)As/GaAs,  InP/InGaP,  and  SiGe/Si.  The  reader  is  referred 
to  review  articles  by  Notzef0  and  Seifert  et  al 51  and  the  chapter  in  this  book 
by  Joyce  and  Vvedensky.52  Here,  we  will  discuss  the  growth  and  properties  of 
InSb,  GaSb,  and  AlSb  QDs. 

In  1990,  Zhang  et  al.  investigated  the  initial  stages  of  MBE  growth  of  InSb 
on  GaAs.53  Using  RHEED  and  transmission  electron  microscopy  (TEM),  they 
observed  faceted  islands  after  deposition  of  5  ML.  The  large  distribution  of  is¬ 
land  sizes  suggests  that  the  islands  are  not  coherent  at  this  coverage.54  More  re¬ 
cently,  Watanabe  et  al.  examined  the  growth  of  InSb  on  Se-terminated  GaAs.55 
They  observed  InSb  nanometer-size  islands  surrounded  by  (111)  facets.  In  the 
last  three  years,  at  least  four  groups  reported  the  growth  and  characterization 
of  GaSb  self-assembled  QDs  on  GaAs.56,57,58’59  In  addition,  we  grew  InSb  and 
AlSb  QDs  directly  on  GaAs.57  Other  groups  investigated  the  formation  of  InSb 
QDs  on  GaSb60  and  InP31  substrates. 
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QDot  Growth  Procedure 
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Figure  10.9:  (a)  Growth  procedure  for  2.0  ML  InSb  on  GaAs.  (b)  Ambient  AFM  image  of 
2  ML  InSb  on  GaAs  showing  self-assembled  quantum  dots. 


The  growth  procedures  for  QDs  vary  somewhat  for  different  materials  and 
research  groups.  In  general,  they  begin  with  the  growth  of  a  smooth  buffer 
layer  of  GaAs,  followed  by  the  antimonide  growth,  usually  at  a  relatively  low 
rate.  In  our  laboratory,  samples  were  grown  by  solid-source  MBE  on  semi- 
insulating  or  n+  substrates,  nominally  oriented  within  0.1°  of  (001).  In  Fig. 
10.9a,  we  illustrate  the  QD  growth  procedure. 

After  oxide  desorption,  a  GaAs  buffer  layer,  0. 5-1.0  /mi  thick,  is  grown 
at  580  °C  with  interrupts  and  a  growth  rate  of  1.0  ML/s.  Growth  is  moni¬ 
tored  by  RHEED.  During  the  GaAs  buffer  growth,  the  RHEED  pattern  is  a 
streaky  (2x4)  reconstruction  with  no  evidence  of  transmission  spots.  Before 
the  growth  of  an  antimonide  layer,  a  200  s  growth  interrupt  under  an  AS4  flux  at 
580  °C  is  performed,  resulting  in  sharp  diffraction  spots  along  each  streak,  in¬ 
dicating  the  formation  of  large  terraces.  Then,  a  well-ordered  (2x4)  or  c(4x4) 
reconstruction  is  prepared  using  appropriate  adjustments  of  substrate  temper¬ 
ature  and  AS4  flux.  After  the  interrupt,  the  substrate  temperature  is  reduced 
and  the  valve  for  the  arsenic  source  is  closed  to  minimize  As  incorporation. 
The  antimonide  layer  is  grown  by  migration-enhanced  epitaxy  (MEE)  with  a 
cation  deposition  rate  of  0.10  ML/s  and  a  V:III  flux  ratio  of  approximately 
2:1.  (Growth  rates  are  based  upon  RHEED  oscillations  during  growth  of  thick 
epitaxial  layers.)  After  deposition  of  the  (In,Ga,Al)Sb  monolayers,  the  sample 
is  held  at  the  growth  temperature  under  an  Sb.}  flux  for  120  s  before  cool¬ 
ing.  In  the  example  shown  in  Fig.  10.9a,  2.0  MLs  of  InSb  were  grown.  The 
standard  growth  temperature  for  InSb  QDs  was  400  °C.  GaSb  and  AlSb  QDs 
were  typically  grown  near  500  °C.  Selected  samples  were  capped  with  GaAs  to 
protect  the  QDs  from  oxidation.  The  cap  layers,  100-300  A  thick,  were  grown 
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by  MEE  at  temperatures  100  °C  below  the  growth  temperature  of  the  QDs. 
Cross-sectional  TEM  measurements  reveal  QDs  after  deposition  of  a  cap.62 

Samples  were  characterized  by  AFM  using  silicon  nitride  cantilevers  under 
ambient  conditions;  in  addition,  STM  measurements  were  performed  in  situ  as 
described  earlier.  AFM  and  STM  scans  of  GaAs  homoepitaxial  layers  prior  to 
antimonide  deposition  reveal  3  A  monolayer  steps  and  large  smooth  terraces 
with  a  lateral  spacing  of  a  few  tenths  of  a  micron.  In  Fig.  10.9b,  we  show  a 
1.5  /im  by  1.5  /rm  AFM  image  of  2.0  ML  InSb  on  GaAs-c(4x4).  The  density  of 
QDs  is  approximately  109/cm2,  with  typical  heights  of  82±5  A  and  diameters 
of  760±70  A.  The  fine  details  of  a  QD  shape  are  unknown  because  the  AFM 
image  is  a  convolution  of  the  true  QD  shape  and  the  AFM  tip  geometry. 

We  characterized  capped  QD  heterostructures  by  photoluminescence  (PL) 
at  1.6  K,  using  the  4880  A  line  from  an  Ar  ion  laser  and  a  Ge  detector  cooled 
to  77  K.  The  PL  spectra  obtained  under  similar  excitation  power  conditions 
(~2.8  W/cm2)  from  3  ML  InSb,  3  ML  GaSb,  and  4  ML  AlSb  QD  samples  are 
shown  in  Fig.  10. 10.63  Strong  emission  bands  are  observed  from  the  InSb  and 
GaSb  QD  samples  with  peak  energies  at  1.13  and  1.16  eV,  respectively.  The 
PL  from  the  AlSb  QDs  is  about  three  orders  of  magnitude  weaker,  with  peak 
energy  at  1.26  eV.  (The  composition  of  “AlSb”  QDs  will  be  discussed  later.) 
The  emission  observed  in  the  low-  and  high-energy  wings  of  this  band  is  due 
to  recombination  from  the  underlying  GaAs  substrate. 

The  emission  peaks  from  the  3  ML  InSb  and  GaSb  QD  samples  occur  at 
energies  much  larger  than  the  low-temperature  bulk  InSb  (0.24  eV)  and  GaSb 
(0.81  eV)  band  gaps.  However,  the  peak  energy  of  the  PL  band  observed  from 
the  4  ML  AlSb/GaAs  QD  heterostructure  is  smaller  than  the  low-temperature 
AlSb  indirect  band  gap  (1.69  eV).  This  result  suggests  the  possibility  of  a  stag¬ 
gered  or  Type-II  band  alignment  for  AlSb  QDs.  Four  experiments  exploring 
the  band  alignments  for  all  three  materials  are  discussed  next. 

The  luminescent  properties  of  all  three  samples  of  Fig.  10.10  were  investi¬ 
gated  as  a  function  of  excitation  power  density.  For  comparison,  a  QD  sample 
with  3  ML  InAs  on  GaAs  was  also  measured.  The  results  are  shown  in  Fig. 
10.11a.  The  emission  from  the  AlSb,  GaSb,  and  InSb  QDs  shifts  to  higher 
energies  with  increasing  excitation  power  density.  In  contrast,  the  emission 
band  from  the  InAs  QDs  is  almost  independent  of  excitation  power  density. 
The  behavior  of  the  Sb  QDs  is  consistent  with  a  type-II  band  alignment,  with 
electrons  and  holes  separated  in  real  space.  Specifically,  the  peak  shifts  with 
power  density  for  type-II  structures  due  to  the  band  bending  that  occurs  at  the 
interfaces  (Fig.  10.11b).  Thus,  at  high  power  densities,  the  resultant  Hartree 
potential  shifts  the  relative  energies  of  the  electron  and  hole  states  (El  and 
HH1)  and  causes  a  shift  of  the  PL  band  to  higher  energy.  The  weak  excita- 


12 


ENERGY  (eV) 

Figure  10.10:  Photoluminescence  spectra  obtained  at  1.6  K  from  3  ML  InSb,  3  ML  GaSb, 
and  4  ML  AlSb  quantum  dot  samples  (Power=2.8  W/cm2). 


tion  power  dependence  for  InAs/GaAs  QDs  is  consistent  with  a  type-I  band 
alignment. 

Hatami  et  al.  reported  a  similar  result  from  excitation  power  studies  of 
GaSb/GaAs  QDs.56  They  obtained  additional  support  for  a  type-II  band  align¬ 
ment  by  investigating  the  temperature  dependence  of  PL  from  GaSb  QDs.  The 
results  are  shown  in  Fig.  10.12.  At  low  temperatures,  two  bands  are  observed 
and  attributed  to  the  wetting  layer  (higher  energy)  and  QDs.64  The  PL  peaks 
follow  the  GaAs  band-gap  temperature  dependence  for  T>130  K,  but  do  not 
for  lower  temperatures  (inset  of  Fig.  10.12),  consistent  with  a  type-II  band 
alignment. 

We  investigated  GaSb  QDs  in  which  the  GaAs  buffer  and  cap  layers  were 
replaced  by  Alo.1Gao.9As  and  Al0.2Ga0.sAs.  The  resulting  PL  spectra  are 
shown  in  Fig.  10.13.  The  peak  energy  increases  as  Al  is  added  to  the  barrier 
layers.  The  expected  shifts  were  estimated,  assuming  a  type-II  band  lineup 
and  applying  the  transitivity  rule.  A  conduction-to- valence  band  offset  ratio  of 
65:35  was  used;  small  changes  in  hole  confinement  energies  due  to  the  expected 
heavy  mass  of  holes  in  the  GaSb  QDs  were  assumed.  The  result  is  a  predicted 
shift  of  80  meV  for  each  10%  change  in  AlAs  mole  fraction,  in  agreement  with 
the  experimental  data.63  We  obtained  similar  results  for  InSb  QDs  clad  by 
AlGaAs. 

Sun  et  al.  performed  time-resolved  PL  measurements  on  GaSb  QDs  in 
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Figure  10.11:  (a)  Peak  energies  of  the  PL  emission  bands  from  the  InSb,  GaSb,  and  AlSb 
quantum  dot  samples  versus  excitation  power  density,  (b)  Illustration  of  the  band  bend¬ 
ing  that  occurs  at  interfaces  of  a  heterostructure  with  type-II  band  alignment  under  high 
excitation  power  densities  (from  Ref.  63). 


GaAs.58  They  obtained  time  constants  for  the  radiative  decay  process  of  7- 
23  ns,  compared  to  600  ps  for  spatially  direct  GaSb/AlSb  quantum  wells.  This 
result  also  supports  the  type-II  band  alignment  model,  with  the  longer  time 
constants  for  the  QDs  attributed  to  reduced  spatial  overlap  between  electron 
and  hole  wavefunctions.  Rubin  et  al.  applied  ballistic  electron  microscopy 
to  image  individual  GaSb  quantum  dots  on  GaAs  and  measured  a  local  band 
offset  of  80±20  meV.65 

The  chemical  content  of  the  QDs,  as  probed  by  the  vibrational  properties, 
was  investigated  with  low-temperature  Raman  spectroscopy  (RS).66’6 '  RS  data 
were  collected  at  4  K  in  the  Z(X,Y)Z  configuration  where  Z  and  Z  are  the 
directions  of  the  incident  and  scattered  light,  (*,*)  denote  the  directions  of 
polarization  of  the  incident  and  scattered  radiation,  and  X,  Y,  and  Z  denote  the 
[100]  [  010],  and  [001]  crystallographic  directions,  respectively.  Radiation  from 
an  Ar  ion  laser  operating  at  5145  A  was  employed  in  the  RS  measurements. 

In  Fig.  10.14,  we  show  the  RS  spectra  for  six  samples.  Samples  with  QDs 
were  compared  to  control  samples  which  included  thin  layers  of  antimonides 
but  no  QDs.  As  expected,  the  GaAs  longitudinal-optic  (LO)  mode  is  present 
at  295  cm-1  for  all  samples.  In  addition,  a  second  weak  peak  due  to  the  GaAs 
transverse-optic  (TO)  mode  is  present  at  271  cm-1.  The  spectra  for  3  ML 
GaSb  grown  directly  on  GaAs  exhibits  an  additional  peak  at  234  cm-1;  AFM 
of  this  sample  revealed  QDs.  This  peak  is  absent  for  the  2  ML  layer  of  GaSb 
that  does  not  have  QDs.  Because  its  energy  lies  between  the  energies  of  the 
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Figure  10.12:  Temperature  dependence  of  the  PL  spectra  for  a  12  A  GaSb  quantum  dot 
sample.  The  PL  spectrum  is  dominated  by  the  low-energy  quantum  dot  line  at  temperatures 
above  100  K.  At  lower  temperatures,  a  line  attributed  to  the  GaSb  wetting  layer  is  also 
observed.  Inset:  temperature  dependence  of  the  PL  peak  maximum  in  a  3  A  GaSb  sample 
(quantum  well,  no  dots)  and  the  12  A  QD  sample.  The  dashed  lines  show  the  GaAs  band 
gap  versus  temperature,  shifted  in  energy  scale  (from  Ref.  56). 


LO  (238  cm-1)  and  TO  (228  cm-1)  phonons  in  bulk  GaSb,  we  attribute  the 
234  cm-1  peak  to  scattering  from  GaSb  QDs.  The  absence  of  scattering  from 
thinner  layers  of  GaSb  without  QDs  probably  results  from  complete  oxidation 
of  the  GaSb  wetting  layer.  In  the  case  of  QDs,  however,  an  unoxidized  core  of 
GaSb  is  expected  in  each  QD. 

QDs  were  not  present  after  growth  of  2  ML  AlSb  on  GaAs.  The  RS  spec¬ 
trum  (not  shown)  is  nearly  identical  to  2  ML  GaSb/GaAs  or  pure  GaAs.  After 
deposition  of  4  ML  AlSb,  QDs  are  observed  in  AFM  and  additional  scatter¬ 
ing  is  present  at  226  and  331  cm-1.  The  high-energy  peak  lies  between  the 
LO  (344  cm-1)  and  TO  (323  cm-1)  modes  for  bulk  AlSb  and  the  low-energy 
peak  is  only  8  cm-1  below  the  GaSb  QD  mode.  Because  of  the  similarity  of 
this  two-peak  structure  to  the  two-mode  behavior  observed  in  the  vibrational 
properties  of  bulk  AlGaSb  alloys,  we  propose  that  the  two  peaks  represent  the 
two-mode  behavior  of  phonons  in  ARGai-^Sb  QDs.68  Presumably  the  alloying 
results  from  Ga  segregation  from  the  buffer  layer  into  the  QDs  during  growth. 
To  confirm  this  hypothesis,  we  grew  an  additional  sample  consisting  of  4  ML 
AlSb/5  ML  AlAs/GaAs.  AFM  reveals  QDs  but  the  RS  spectrum  does  not  ex¬ 
hibit  a  GaSb-like  mode,  indicating  the  absence  of  GaSb  in  the  QDs.  The  5  ML 
AlAs  apparently  acts  as  a  barrier,  preventing  Ga  segregation  into  the  AlSb 


15 


ENERGY  (eV) 


Figure  10.13:  PL  bands  observed  from  3  ML  QD  heterostructures  grown  with  GaAs  and  Al- 
GaAs  barrier  layers.  Inset:  schematic  diagram  of  conduction-  and  valence-band  minima  and 
lowest-energy  optical  transitions  for  GaSb/GaAs  and  GaSb/AlGaAs  QD  structures  (from 

Ref.  63). 


layer.  The  AlSb-like  peak  shifted  to  higher  energy  (338  cm-1),  but  its  inten¬ 
sity  decreased.  The  direction  of  the  peak  shift  is  consistent  with  bulk  AlGaSb 
alloys.  As  a  rough  estimate  of  QD  composition,  we  used  a  linear  interpola¬ 
tion,  assuming  the  bulk  values  for  changes  in  the  AlSb-like  {dE/dx— 15  cm-1) 
and  GaSb-like  {dE/dx— 23  cm-1)  phonon  energies,  and  assumed  the  3  ML 
GaSb/GaAs  and  4  ML  AlSb/5  ML  AlAs/GaAs  samples  consist  of  pure  GaSb 
and  AlSb  QDs,  respectively.  For  the  sample  with  4  ML  AlSb/GaAs,  we  ob¬ 
tain  a  composition  of  Alo.5Gao.5Sb  using  the  AlSb-like  mode  and  Alo.4Gao.6Sb 
using  the  GaSb-like  mode.  We  also  examined  a  sample  in  which  5  ML  AlAs 
was  inserted  between  3  ML  GaSb  and  GaAs.  As  shown  in  Fig.  10.14,  an 
AlSb-like  mode  is  not  present,  suggesting  that  A1  segregation  into  the  GaSb  is 
minimal,  in  agreement  with  the  literature  for  AlAs/GaAs  heterostructures.  A 
double-peak  is  observed  for  the  GaSb-like  mode.  This  may  represent  LO  and 
TO  modes,  as  recently  observed  for  InSb  QDs  on  InP.69 

To  study  the  effect  of  capping  layers,  an  additional  sample  was  grown: 
106  ML  GaAs/4  ML  AlSb/GaAs.  The  spectrum  is  similar  to  the  uncapped 
sample,  with  two-mode  behavior.  The  small  changes  in  peak  energies  may  be 
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Figure  10.14:  Low-temperature  Raman  spectra  for  six  (Al,Ga)Sb  samples.  AFM  revealed 
quantum  dots  for  all  samples  except  the  2  ML  GaSb.  Evidence  for  both  GaSb-like  (225- 
232  cm-1)  and  AlSb-like  (330-340  cm-1)  modes  is  observed.  (Curves  axe  offset  for  clarity.) 


a  result  of  different  strain  fields  and  alloy  composition  in  the  capped  and  un¬ 
capped  QDs.  Vibrational  modes  associated  with  InSb  QDs  were  also  reported.66 

Although  QDs  with  size  uniformities  on  the  order  of  10%  are  routinely 
achieved,  many  potential  applications  such  as  solid-state  lasers  require  more 
uniform  ensembles  of  QDs.  Theoretical  work  suggests  that  the  uniformity  of 
QDs  is  related  to  the  structure  of  the  wetting  layer,70,71  but  few  experimen¬ 
tal  studies  have  been  reported.  We  applied  in  situ  STM  to  investigate  the 
structure  of  InSb,  GaSb,  and  AlSb  wetting  layers  on  GaAs.'2  STM  images 
of  1.5  ML  InSb  grown  on  GaAs-c(4x4)  and  GaAs-(2x4)  reconstructions  are 
shown  in  Figs.  10.15a  and  10.15b,  respectively.  Larger  area  scans  of  both 
samples  revealed  quantum  dots;  the  images  in  Fig.  10.15  are  typical  of  ar¬ 
eas  between  QDs.  The  wetting  layers  consist  of  highly  anisotropic  ribbon-like 
structures  oriented  along  the  [T10]  direction.  The  characteristic  ribbon  sepa¬ 
ration  in  the  [110]  direction,  computed  from  autocorrelation  functions,  is  50  A 
for  growth  on  GaAs-c(4x4)  and  40  A  for  growth  on  GaAs-(2x4).  The  differ¬ 
ence  may  be  related  to  the  As  coverages:  1.75  ML  for  c(4x4)  versus  0.5  ML 
for  (2x4). 

The  traditional  view  of  SK  growth  is  that  the  initial  deposition  occurs  as 
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Figure  10.15:  Filled-state  in  situ  STM  images  of  1.5  ML  of  InSb  on  GaAs:  (a)  GaAs(OOl)- 
c(4x4)  starting  surface,  (b)  GaAs(001)-(2x4)  starting  surface.  The  gray-scale  height  ranges 
are  approximately  12  A.  Images  are  taken  from  areas  between  quantum  dots. 


a  continuous  wetting  layer.  Our  results,  however,  suggest  a  more  complicated 
structure  with  a  discontinuous  morphology  that  may  arise  from  a  combination 
of  effects.  Both  the  relative  surface  energies  of  the  absorbates  and  substrate, 
and  the  mismatch-related  strain  which  may  be  relieved  by  the  formation  of 
vacancy  lines,  may  play  roles.  A  simple  calculation,  assuming  complete  strain 
relaxation  by  vacancy  arrays,  gives  a  spacing  of  6.8  atomic  planes  or  31  A  for 
InSb,  compared  to  the  experimental  values  of  40-50  A. 

The  true  shape  of  a  QD  is  difficult  to  measure  with  STM  or  AFM  due  to 
tip  convolution  effects.  RHEED  patterns  during  QD  formation  often  exhibit 
chevrons,  indicative  of  faceting.  Ferrer  et  al.  examined  InSb  QDs  on  InP 
with  high-resolution  TEM  and  found  a  truncated  pyramidal  morphology,  as 
shown  in  Fig.  10. 16.61  Images  (a)  and  (b)  are  for  samples  of  5  ML  and  7  ML 
InSb,  respectively.  The  images  reveal  {111}  lateral  facets  and  an  (001)  top 
surface.  A  selected  area  diffraction  pattern  (not  shown)  exhibits  splitting  of  the 
diffraction  spots  due  to  the  10%  difference  in  lattice  constant.  The  magnitude 
of  the  splitting  indicates  total  strain  relaxation. 


10.3  Heterostructures 

As  discussed  in  Sec.  10.1,  GaSb  and  AlSb  are  of  interest  because  of  the  hetero¬ 
structures  that  can  be  formed  in  the  nearly  lattice-matched  InAs/GaSb/AlSb 
material  system.  In  this  section,  we  will  first  discuss  three  important  issues 
that  arise  in  the  growth  of  these  heterostructures:  critical  layer  thickness, 
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(a)  (b) 

Figure  10.16:  High  resolution  [110]  TEM  images:  (a)  5  ML  InSb  on  InP  and  (b)  7  ML  InSb 
on  InP,  exhibiting  preferential  {111}  lateral  facets  and  (100)  top  surfaces  and  a  network  of 
misfit  dislocations  at  the  interface  (from  Ref.  61). 


substrate  temperature,  and  interfacial  bonding.  We  will  illustrate  these  factors 
by  examining  superlattices  composed  of  alternating  layers  of  In  As  and  AlSb. 
Then,  we  will  discuss  InAs/AlSb  SQWs  with  applications  as  FETs,  InAs/GaSb 
SQWs,  and  InAs/GaSb  superlattices  (SLs)  for  infrared  detectors. 

10.3.1  Strain  and  Critical  Layer  Thickness 

Heteroepitaxy  involves  the  growth  of  materials  with  different  lattice  constants, 
resulting  in  strain.  There  is  a  limit  to  the  amount  of  strain  that  can  be  accom¬ 
modated  by  epitaxial  layers.  If  a  layer  is  sufficiently  thick  and  mismatched,  the 
formation  of  misfit  dislocations  becomes  energetically  favorable.  These  dislo¬ 
cations  relieve  strain,  but  also  degrade  the  structural,  electrical,  and  optical 
quality  of  epitaxial  layers,  often  making  them  unsuitable  for  device  applica¬ 
tions.  For  a  fixed  lattice  mismatch,  the  thickness  at  which  misfit  dislocations 
begin  to  form  is  known  as  the  critical  layer  thickness  (CLT). 

The  classic  “lattice-matched”  semiconductor  system  is  GaAs/AlAs  with 
a  lattice  mismatch  of  only  0.14%.  In  practice,  the  formation  of  misfit  dis¬ 
locations  in  GaAs/AlGaAs  heterostructures  is  almost  never  a  problem.  At 
the  other  extreme  are  systems  with  large  mismatches  such  as  Si/Ge  (3.9%), 
GaAs/Si  (4.0%),  InSb/GaSb  (6.1%),  GaSb/GaAs  (7.5%),  and  AlSb/GaAs 
(8.2%).  Three-dimensional  growth  occurs  for  thin  layers,  with  the  formation 
of  high  densities  of  dislocations  during  the  coalescence  of  islands,  as  discussed 
in  Sec.  10.2. 

Material  combinations  of  interest  here  fall  into  an  intermediate  regime: 
AlSb/GaSb  (0.66%),  GaSb/InAs  (0.61%),  and  AlSb/InAs  (1.26%).  Three- 
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dimensional  growth  is  not  usually  observed,  but  misfit  dislocations  will  form  if 
layers  are  sufficiently  thick.  The  classic  Matthews-Blakeslee 73  theory  predicts 
critical  thicknesses  of  approximately  200  A  for  AlSb/GaSb  or  GaSb/InAs  and 
100  A  for  AlSb/InAs.  Although  critical  layer  thickness  is  often  considered  in 
the  design  of  device  heterostructures  for  the  6.1  A  material  system,  few  sys¬ 
tematic  studies  have  been  reported.  Gossmann  et  al.  investigated  single  layers 
of  AlSb  grown  on  GaSb  by  MBE.  Using  x-ray  diffraction  and  Raman  scatter¬ 
ing,  they  obtained  CLTs  of  50-170  A.74  Lazzari  et  al.  examined  LPE-grown 
layers  of  ARGai-^Asy Sbi_s  on  GaSb.75  They  measured  CLT  by  x-ray  diffrac¬ 
tion  and  found  the  values  were  different  for  layers  in  tension  and  compression, 
but  always  substantially  larger  than  the  Matthews-Blakeslee  estimates.  For 
example,  compressively-strained  layers  with  a  mismatch  of  0.2%  had  a  CLT  of 

6000  A. 

We  applied  both  single-  and  double-crystal  x-ray  diffraction  (DCXRD)  to 
a  variety  of  InAs  layers  on  GaSb  substrates  and  buffer  layers.76  Layers  were 
grown  at  a  rate  of  1.0  ML/s  and  a  substrate  temperature  of  450  °C.  Two 
types  of  samples  were  grown.  The  first  was:  InAs/GaSb/GaAs/GaAs(001)- 
substrate  with  the  thickness  of  the  strain-relaxed  GaSb  buffer  layer  ranging 
from  0. 3-4.0  pm.  The  second  was:  InAs/GaSb/GaSb(001)-substrate,  where 
high-quality(vendor  B  in  Sec.  10.2.1)  GaSb  substrates  were  used. 

A  series  of  six  samples  was  grown  on  GaSb  substrates  with  InAs  thick¬ 
ness  varying  from  500  A  to  1.0  pm.  The  (004)  DCXRD  measurements  are 
shown  in  Fig.  10.17.  For  fully  strained  and  fully  relaxed  InAs  layers,  the 
GaSb/InAs  peak  separation  should  be  1550  and  740  arc-sec,  respectively.  The 
classic  behavior  for  mismatched  epilayers  is  for  the  thinnest  layers  to  be  fully 
strained  (coherent)  up  to  a  critical  thickness,  with  increasing  lattice  relaxation 
(decreasing  A0)  for  increasing  thickness  beyond  the  critical  value.  To  first 
order,  that  is  what  we  observe  in  Fig.  10. 17.77  Substantial  lattice  relaxation 
does  not  occur  until  the  layer  thickness  reaches  3000  A,  more  than  an  order 
of  magnitude  larger  than  the  Matthews-Blakeslee  limit.  As  a  result  of  limited 
resolution,  DCXRD  measurements  are  not  sensitive  to  the  onset  of  dislocation 
formation.78  Hence,  our  results  do  not  necessarily  imply  the  absence  of  misfit 
dislocations  for  thinner  layers. 

Information  about  the  epilayer  quality  can  also  be  extracted  from  the  data. 
The  full- width  at  half-maximum  (FWHM)  is  often  cited  as  a  measure  of  struc¬ 
tural  quality.  Even  for  perfect  layers,  however,  the  FWHM  is  a  function  of 
thickness,  with  thinner  layers  having  larger  FWHMs  because  of  the  smaller 
correlation  lengths.  Hence,  we  use  the  ratio  of  the  experimental  to  the  the¬ 
oretical  FWHM  as  a  fig ure-of-merit. 75,80  The  FWHM  ratios  for  the  samples 
in  Fig.  10.17  are:  1.1  (500  A),  2.0  (1000  A),  2.2  (2000  A),  16  (3000  A),  25 
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Figure  10.17:  Double-crystal  x-ray  diffraction  (004)  rocking  curves  for  epitaxial  layers  of 
InAs  grown  on  GaSb(OOl)  substrates.  Substantial  InAs  lattice  relaxation  begins  at  a  layer 
thickness  of  3000  A.  (Curves  are  offset  for  clarity.) 

(5000  A),  and  41  (10000  A).  In  addition,  we  observe  Pendellosiing  fringes  for 
the  500  A  sample,  indicating  good  structural  quality. 

The  relaxation  behavior  of  InAs  layers  grown  on  GaSb-buffer-layer/GaAs- 
substrate  was  considerably  different.  To  summarize  the  data,  we  plot  the 
epilayer  strain  as  a  function  of  InAs  thickness  in  Fig.  10.18.  The  value  of  strain 
should  be  0.61%  for  a  coherent  layer.  In  general,  layers  on  GaAs  substrates 
are  more  relaxed  than  those  on  GaSb  substrates.  For  example,  at  a  thickness 
of  2000  A,  InAs  on  a  GaSb  substrate  is  fully  strained,  but  the  strain  drops  to 
0.2-0. 4%  for  GaSb  buffer  layers  on  GaAs  substrates.  In  addition,  more  strain 
is  retained  in  the  InAs  layer  when  the  GaSb  buffer  layer  is  thicker. 

These  results  are  consistent  with  threading  dislocations  serving  as  nucle- 
ation  sites  for  misfit  dislocations.  In  the  case  of  GaSb  buffer  layers  on  GaAs, 
high  densities  of  threading  dislocations  form  during  the  coalescence  of  islands. 
The  dislocation  density  decreases  as  layer  thickness  increases.  Hence,  fewer 
nucleation  sites  will  be  available  for  thicker  buffer  layers,  resulting  in  less  re¬ 
laxation  of  the  InAs.  The  lowest  density  of  threading  dislocations  is  expected 
for  the  GaSb  substrates,  with  etch  pit  densities  less  than  104/cm2.  We  note 
that  in  the  InGaAs/GaAs  system,  the  density  of  misfit  dislocations  in  the 
strained  InGaAs  was  found  to  be  a  function  of  the  density  of  threading  dislo¬ 
cations  in  the  GaAs  substrate.81,82  In  summary,  the  strain  in  an  epilayer  can 
be  a  strong  function  of  the  quality  of  the  underlying  layer.  To  minimize  lat- 
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Figure  10.18:  InAs  epilayer  strain  as  a  function  of  layer  thickness  for  the  samples  of  Fig. 
10.17  (InAs  on  GaSb  substrates)  as  well  as  samples  of  InAs  grown  on  GaAs  substrates  with 

GaSb  buffer  layers. 


tice  relaxation  in  InAs,  very  thick  buffer  layers  of  GaSb  or,  if  possible,  GaSb 
substrates  should  be  used. 

10.3.2  Growth  Temperature 

Before  discussing  the  appropriate  growth  temperatures  for  6.1  A  heterostruc¬ 
tures,  we  will  address  a  complication  that  can  occur  when  In-free  substrate 
holders  are  used  in  MBE.  If  a  small  band  gap  material  (e.g.  GaSb)  is  grown 
on  a  larger  band  gap  material  (e.g.  GaAs)  the  increased  absorption  of  radia¬ 
tion  from  the  substrate  heater  can  result  in  as  much  as  a  150  °C  increase  in 
temperature  without  a  change  in  the  thermocouple  reading.83,84  We  have  ob¬ 
served  this  increase  by  measuring  the  substrate  temperature  via  transmission 
thermometry.  In  this  technique,  radiation  from  the  substrate  heater  passes 
through  the  GaAs  substrate  and  is  collected  through  a  bakeable  window  and 
optical  fiber.  It  is  then  passed  through  a  spectrometer,  allowing  determination 
of  the  absorption  edge  and  hence  the  band  gap  and  temperature  of  the  GaAs.83 
We  applied  this  technique  to  all  of  our  samples  discussed  in  this  chapter  that 
were  grown  on  GaAs  substrates.  The  (1x5)  to  (1x3)  reconstruction  transi¬ 
tion  discussed  in  Sec.  10.2.1  was  used  for  estimating  temperature  on  GaSb 
substrates. 

The  congruent  sublimation  temperatures  are  480  °C  for  GaSb  85  and 
600  °C  for  AlSb.  Reported  values  for  InAs  range  from  370  to  500  °C.85’86 
High-quality  AlSb  can  be  grown  at  600  °C  (see  Fig.  10.7),  but  InAs  cannot  be 
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grown  at  such  elevated  temperatures.  Hence,  the  optimal  growth  temperature 
for  heterostructures  of  InAs,  GaSb,  and  AlSb  is  not  obvious.  In  general,  more 
intermixing  at  interfaces  is  expected  at  higher  growth  temperatures.  Yano 
et  al.  addressed  the  issue  of  interfacial  abruptness  by  subjecting  1  /irn  layers 
of  (In,Ga,Al)As  to  Sb4  beams  and  (In,Ga,Al)Sb  to  As4  beams  as  a  function 
of  temperature.85  They  determined  surface  stability  by  examining  RHEED 
reconstructions  and  looking  for  new  compounds  with  Raman  spectroscopy.  For 
example,  a  GaSb  surface  subjected  to  an  As4  beam  for  1800  s  exhibited  GaAs- 
like  TO  and  LO  modes  at  temperatures  above  440  °C,  but  was  stable  (i.e.  only 
GaSb  observed  by  RS)  at  lower  temperatures.  The  critical  temperatures  for  the 
other  materials  were:  AlSb:As4=440  °C,  InSb:As4=320  °C,  GaAs:Sb4=700  °C, 
InAs:Sb4=540  °C,  and  AlAs:Sb4>800  °C. 

We  investigated  growth  temperature  limits  in  As/Sb  heterostructures  by 
growing  a  series  of  SLs  in  which  every  ninth  monolayer  of  Sb  was  replaced 
by  As  or  vice-versa.  As  an  example,  a  growth  sequence,  repeated  40  times, 
was:  (14  s  GaSb,  3  s  Sb,  2  s  Ga,  7  s  As,  2  s  Ga)  with  a  GaSb  growth 
rate  of  0.50  ML/s,  yielding  a  nominal  structure  of:  40x(8  ML  GaSb/1  ML 
GaAs)/l/mi  GaSb/GaAs(001)-substrate.  SLs  were  grown  at  several  different 
temperatures  for  each  of  the  six  cases  (As  MLs  in  GaSb,  AlSb,  or  InSb  and  Sb 
MLs  in  GaAs,  AlAs,  or  InAs)  and  characterized  by  x-ray  diffraction.  Selected 
samples  were  also  characterized  by  Raman  spectroscopy  and  cross-sectional 
TEM.87 

Single-crystal  x-ray  diffraction  data  for  the  case  of  As2  MLs  in  GaSb  are 
shown  in  Fig.  10.19a.  Growth  temperatures  of  400  and  420  °C  produced  struc¬ 
tures  with  four  satellite  x-ray  peaks,  indicating  a  well-defined  SL  was  present. 
The  average  lattice  constants  of  the  structures  are  consistent  with  coherently 
strained  SLs  and  1.0±0.2  ML  GaAs  per  period.  At  a  growth  temperature  of 
450  °C,  the  n=0  and  n=-l  satellites  are  present  but  substantially  broader  than 
at  lower  temperatures.  For  higher  temperatures  (480  and  520  °C),  no  satellites 
are  observed.  We  attribute  this  to  intermixing  of  As  and  Sb.  An  additional 
sample  was  grown  at  480  °C  using  As4  instead  of  As2.  The  x-ray  spectra  is 
similar  to  the  450  °C  As2  sample,  suggesting  that  the  As4  is  less  aggressive  in 
attacking  the  GaSb  surface.  This  is  consistent  with  XPS  and  RHEED  studies 
on  InAs  and  GaSb  surfaces.  Wang  et  al 88  and  Collins  et  al ,89  investigated 
replacement  of  Sb  on  a  GaSb  surface  during  Asx  irradiation.  They  found  that 
As 2  replaced  Sb  much  faster  than  As4.  Similarly,  Sb2  was  more  efficient  than 
Sb4  at  replacing  As  on  an  InAs  surface. 

Results  similar  to  Fig.  10.19a  were  obtained  for  As  MLs  in  InSb  (using 
As2),  but  with  a  critical  temperature  of  approximately  350  °C.  Our  critical 
temperatures  for  As  MLs  in  InSb  and  GaSb  are  in  reasonable  agreement  with 
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(a)  (b) 

Figure  10.19:  (a)  X-ray  diffraction  6- 29  scans  showing  the  (004)  reflections  for  superlattices 
formed  by  inserting  As  monolayers  into  GaSb.  All  layers  were  grown  on  GaAs  substrates 
with  1.0  iim  GaSb  buffer  layers.  Growth  temperatures  and  As  species  are  indicated,  (b) 
Raman  spectra  for  the  samples  of  (a).  Both  GaSb  longitudinal-optic  modes  (235  cm-1)  and 
GaAs  planar  vibrational  modes  (247-251  cm-1)  are  observed.  (Curves  are  offset  for  clarity.) 


the  results  of  Yano  et  al .85  For  As  MLs  in  AlSb,  SL  satellite  peaks  are  observed 
over  the  entire  temperature  range  investigated,  400-580  °C,  although  some 
degradation  is  apparent  at  temperatures  above  500  °C. 

The  vibrational  properties  of  As  MLs  in  GaSb  were  probed  by  Raman 
spectroscopy.  Room-temperature  spectra  are  shown  in  Fig.  10.19b.  The  op¬ 
tical  phonon  modes  from  the  GaSb  layers  occur  near  235  cm-1  for  all  five 
samples.  In  addition,  clear  evidence  for  a  localized  GaAs-like  mode,  known 
as  a  planar  vibrational  mode  (PVM),  is  observed  near  250  cm-1  for  four  of 
the  samples.  At  a  growth  temperature  of  400  °C,  the  GaSb  mode  is  symmet¬ 
ric  and  the  GaAs  mode  energy  is  248  cm-1.  As  the  growth  temperature  is 
increased  to  420  and  450  °C,  the  energy  of  the  GaAs  mode  increases  and  addi¬ 
tional  scattering  appears  on  the  high-energy  side  of  the  GaSb  peak.  At  480  °C, 
there  is  no  distinct  GaAs  peak  although  additional  scattering  is  present  near 
270  cm-1.  These  results  are  consistent  with  the  x-ray  diffraction  data  which 
showed  the  SL  satellites  broadening  at  420  and  450  °C,  and  disappearing  at 
480  °C.  The  increase  in  energy  of  the  GaAs  mode  with  increasing  growth  tem¬ 
perature  is  consistent  with  the  As  being  less  confined  to  a  single  monolayer 
as  the  temperature  is  increased.90,91,92  The  resulting  As  contamination  of  the 
adjacent  GaSb  layers  could  explain  the  additional  scattering  near  240  cm-1. 
The  480  °C  sample  with  AS4  has  a  symmetric  GaSb  peak  and  a  GaAs  mode 
at  an  energy  of  247  cm-1.  This  data  is  consistent  with  incorporation  of  less 
than  a  ML  of  As.93  The  average  As  incorporation  per  period  of  the  480  °C-As4 
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Figure  10.20:  X-ray  diffraction  6-26  scans  showing  the  (004)  reflections  for  superlattices 
formed  by  inserting  Sb  monolayers  into  GaAs.  All  layers  were  grown  on  GaAs  substrates. 
Growth  temperatures  and  Sb  species  are  indicated.  (Curves  are  offset  for  clarity.) 


sample  is  0.8  ML  based  upon  x-ray  diffraction  measurements. 

The  results  are  quite  different  for  Sb  MLs  in  (In,Ga,Al)As.  For  Sb  in 
GaAs,  satellite  peaks  are  observed  from  330  °C  to  600  °C,  as  shown  in  Fig. 
10.20.  For  T<450  °C,  the  average  lattice  constants  of  the  SLs  are  consistent 
with  coherent  SLs  and  1.0±0.1  ML  GaSb  per  period.  At  higher  temperatures, 
satellites  are  still  present,  but  the  amount  of  Sb  incorporation  decreases  with 
increasing  temperature.  The  results  are  summarized  in  Fig.  10.21  where  we 
plot  the  number  of  Sb  MLs  incorporated  per  period  as  a  function  of  growth 
temperature  for  all  three  materials.  Sb  MLs  in  InAs  exhibit  behavior  similar  to 
that  of  Sb  in  GaAs,  but  with  a  lower  critical  temperature  (~410  °C).  For  Sb  in 
AlAs,  the  critical  temperature  is  approximately  480  °C,  but  only  0.8  ML  Sb  is 
incorporated  at  the  lower  temperatures.  In  all  three  cases,  the  results  are  con¬ 
sistent  with  Sb  evaporation  at  higher  temperatures.  As  expected,  the  critical 
temperature  is  lowest  for  InSb  which  also  has  the  lowest  congruent  sublimation 
temperature  (~400  °C).  In  contrast,  the  Yano  et  al.  Raman  measurements  on 
arsenide  layers  subjected  to  an  Sb4  flux  were  not  affected  by  evaporation  but 
were  sensitive  to  exchange  reactions  and  the  formation  of  compounds  such  as 
GaSb.85  Hence,  their  observed  critical  temperatures  were  much  higher. 
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Figure  10.21:  Number  of  monolayers  of  Sb  incorporated  per  period  for  superlattices  formed 
by  inserting  Sb  monolayers  into  GaAs,  AlAs,  and  InAs.  As  the  growth  temperature  increases, 
less  Sb  is  incorporated  for  each  material. 


10.3.3  Interface  Bonds 


Heterostructures  formed  from  binary  semiconductors  that  do  not  contain  ei¬ 
ther  a  common  anion  or  cation  offer  new  flexibility  in  materials  engineering. 
This  flexibility  arises  because  heterojunctions  formed  between  AB  and  CD 
semiconductors  can,  in  principle,  be  bonded  by  either  AD  or  BC  bonds.94  The 
cases  of  interest  here  are  InAs/GaSb  heteroj unctions  with  InSb  or  GaAs  in¬ 
terfaces  and  InAs/AlSb  heteroj  unctions  with  InSb  or  AlAs  interfaces.  The 
latter  case  is  illustrated  in  Fig.  10.22.  Two  MBE  growth  techniques  have 
been  applied  to  control  interfacial  composition.  In  one,  migration  enhanced 
epitaxy  (MEE),  cation  and  anion  monolayers  are  alternately  supplied  to  form 
the  interface.  For  example,  to  form  InSb-like  bonds  at  InAs/GaSb  interfaces, 
the  shutter  sequence  is:  InAs,  1  s  In,  2  s  Sb,  GaSb,  2  s  Sb,  1  s  In,  InAs,  for 
an  In  growth  rate  of  1  ML/s.  The  other  technique  uses  anion  soaks  at  the 
interfaces.  For  the  same  example,  the  shutter  sequence  is:  InAs,  5  s  Sb,  GaSb, 
5  s  Sb,  InAs.  We  will  demonstrate  the  control  of  interfaces  and  the  impact  of 
interfacial  composition  on  material  and  device  properties  later  in  this  section. 
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Figure  10.22:  Interfacial  bonding  configuration  for  InSb-like  and  AlAs-like  bonds  at  the 
InAs/ AlSb  interface  as  viewed  along  the  [100]  direction. 


1 0.3.4  InAs /AlSb  Superlattices 

Superlattices  composed  of  InAs  and  AlSb  have  been  proposed  as  cladding  ma¬ 
terial  in  diode  lasers  operating  in  the  2-5  /tm  spectral  range95  as  well  as  barrier 
layers  for  InAs-channel  field-effect  transistors.96  We  will  now  use  the  example 
of  InAs/AlSb  superlattices  to  examine  the  role  of  growth  temperature,  lattice 
mismatch,  and  interfacial  composition.  In  the  first  set  of  experiments,  30- 
period  SLs  were  grown  with  4  ML  InAs  and  17  ML  AlSb  per  period.  MEE 
was  used  to  form  AlAs-like  interface  bonds.  The  buffer  layer  sequence  was: 
1.0  fim  AlSb/1.0  f/m  GaSb/0.1  fim  AlSb/0.3  ^m  GaAs/GaAs(001)-substrate. 
The  AlSb  and  GaSb  buffer  layers  were  grown  near  500  °C,  and  the  SL  growth 
temperature  was  varied.  X-ray  diffraction  results  for  SL  growth  temperatures 
of  410,  450,  and  480  °C  are  shown  in  Fig.  10. 23.97  Several  satellite  peaks  (la¬ 
belled  0,  +1,  -1,  etc.)  are  visible  for  the  410  °C  sample;  some  of  the  satellites 
exhibit  Kaq-Kaa  splitting.  At  450  °C,  the  satellite  peaks  are  weaker,  and  the 
Kaq-Ka2  splitting  is  absent,  indicating  a  degradation  in  SL  quality.  No  satel¬ 
lites  are  observed  at  480  °C.  The  results  are  consistent  with  PL  measurements 
which  show  strong  luminescence  at  1.13  eV  for  the  410  °C  sample.  The  PL 
intensity  drops  by  a  factor  of  30  (200)  at  450  °C  (480  °C).  RHEED  patterns 
were  monitored  during  growth  of  additional  samples  with  the  same  structure. 
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Figure  10.23:  X-ray  diffraction  6-26  scans  showing  the  (004)  reflections  for  superlattices 
consisting  of  30  periods  of  (4  ML  InAs/17  ML  AlSb)  with  AlAs-like  interfacial  bonds.  At 
480  °C,  only  the  buffer  layer  and  substrate  peaks  are  visible,  but  superlattice  satellites  are 
present  at  lower  growth  temperatures.  (Curves  are  offset  for  clarity;  from  Ref.  97). 


At  400  and  450  °C,  the  pattern  was  streaky  with  monolayer  oscillations.  At 
490  °C,  however,  no  oscillations  were  visible  and  a  transmission  spot  pattern 
developed.  We  speculate  that  at  high  temperatures  an  As-Sb  exchange  reac¬ 
tion  results  in  highly  strained  AlSbAs.  The  strain  induces  3D  growth,  resulting 
in  a  degradation  of  structural  and  optical  properties. 

A  second  set  of  samples  was  grown  with  40  periods  of  10  ML  InAs/10  ML 
AlSb.98  The  substrate  temperature  was  fixed  at  420  °C.  Ideally,  the  lattice 
constant  of  the  buffer  layer  should  be  equal  to  the  average  lattice  constant  of 
the  SL  to  avoid  relaxation.  The  lattice  constant  of  GaSb  is  halfway  between 
those  of  AlSb  and  InAs  and  hence  would  seem  to  be  the  logical  choice  in 
this  case.  The  presence  of  interface  bonds  with  substantially  different  lattice 
constants  (6.479  A  for  InSb  and  5.661  A  for  AlAs),  however,  complicates  the 
situation. 

Superlattices  with  three  different  buffer  layer  sequences  were  investigated. 
One  buffer  layer  consisted  of  0.1  //m  AlSb  followed  by  1.0  /im  GaSb.  XRD 
measurements  show  that  the  GaSb  is  almost  fully  relaxed.  We  refer  to  this 
buffer  as  GaSb.  A  second  buffer  was  1.0  /rm  of  relaxed  InAs.  The  third  buffer 
was  0.5  lira  InAs  followed  by  1.0  /mi  of  relaxed  AlSb.  The  InAs  layer  was 
included  so  that  the  temperature  increase,  resulting  from  growth  of  a  small 
band-gap  material  on  a  large  band-gap  material,83  would  occur  before  the  SL 
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Figure  10.24:  X-ray  diffraction  6-28  scans  showing  the  (004)  reflections  for  superlattices 
consisting  of  40  periods  of  (10  ML  InAs/10  ML  AlSb)  with  (a)  InSb-like  interfaces  and  (b) 
AlAs-like  interfaces.  The  buffer  layer  for  each  sample  is  indicated.  (Curves  are  offset  for 

clarity;  from  Ref.  98.) 


was  grown.  We  refer  to  this  buffer  as  AlSb. 

In  Fig.  10.24,  we  show  the  XRD  results  for  SLs  on  all  three  buffer  layers 
with  InSb-like  (a)  and  AlAs-like  (b)  interfaces.  In  each  case,  we  observe  several 
satellites  from  the  SL  as  well  as  peaks  due  to  the  GaAs  substrate  and  buffer 
layer(s).  The  position  of  the  n=0  peak  is  related  to  the  average  lattice  constant 
of  the  SL  via  Bragg’s  law.  In  some  cases,  Kai-Ka2  splitting  is  visible.  There 
is  a  clear  variation  of  structural  quality  with  buffer  layer  for  the  AlAs-bonded 
samples.  Sample  F  (InAs  buffer)  is  clearly  the  best;  the  average  lattice  constant 
of  the  SL  is  almost  equal  to  that  of  the  buffer.  Sample  D  (AlSb  buffer)  has  the 
largest  mismatch  and  the  SL  quality  is  inferior,  possibly  due  to  the  formation 
of  misfit  dislocations. 

We  compared  our  experimental  XRD  results  to  dynamical  simulations 
which  included  the  interfacial  layers.  For  all  SLs  except  sample  D,  the  mea¬ 
sured  and  predicted  average  lattice  constants  perpendicular  to  the  growth 
direction  agree  to  within  0.015  A.  This  implies  that  the  SLs  are  essentially 
coherent,  with  an  in-plane  lattice  constant  equal  to  that  of  the  buffer  layer. 
For  sample  D,  the  predicted  perpendicular  lattice  constant  is  6.015  A  and  the 
experimental  value  is  6.057  A,  indicating  a  partial  relaxation  of  this  SL. 

The  Z(X,Y)Z  RS  spectra  of  the  second  set  of  InAs/AlSb  SLs  are  shown  in 
Fig.  10.25.  For  samples  A-C  (nominally  InSb  bonds),  a  single  peak  between 
340  and  350  cm-1  is  visible.  It  results  from  the  confined  longitudinal  optic 
(LO)  phonon  modes  for  AlSb.  We  do  not  observe  distinct  energy  splittings 
between  the  confined  phonon  modes  of  even  index.  This  implies  that  the 
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Figure  10.25:  Raman  scattering  data  at  10  K  with  the  Z (X,X)Z  geometry  for  the  samples 
of  Fig.  10.24.  The  confined  AlSb  LO  mode  is  present  for  all  samples.  An  AlAs  planar 
vibrational  mode  is  identified  for  samples  with  AlAs-like  interfaces.  (Curves  are  offset,  for 

clarity;  from  Ref.  98.) 


dispersion  curve  of  the  LO  phonon  in  AlSb  is  rather  flat.  Samples  E  and  F 
(nominally  AlAs  bonds)  exhibit  two  peaks  in  this  energy  range.  The  lower 
energy  peak  for  each  is  the  AlSb  LO.  We  attribute  the  higher  energy  peaks  to 
the  PVM  involving  stretching  of  the  AlAs  bonds.  The  absence  of  this  mode  in 
our  SLs  with  nominally  InSb-like  bonds  indicates  good  interfacial  control. 

We  note  the  small  differences  in  energy  for  the  AlSb  LO  phonon  modes 
in  Fig.  10.25.  The  differences  can  be  qualitatively  explained  by  biaxial  strain 
in  the  AlSb  layers  of  the  SL,  with  the  largest  strain  for  In  As  buffer  layers  and 
the  smallest  for  AlSb  buffer  layers.  The  shift  of  the  AlAs  PVM  from  sample 
E  to  F  also  results  from  strain.  For  sample  D,  we  speculate  that  the  upper 
portion  of  the  SL  is  partially  relaxed  and  the  lower  portion  is  coherent.  Such  a 
structure  could  result  in  the  observed  Raman  features  as  well  as  the  broadened 
XRD  satellites. 

10.3.5  In  As/ AlSb  Single  Quantum  Wells  for  High-Frequency  Field- Effect 
Transistors 

Single  quantum  wells  of  InAs  clad  by  AlSb  are  of  interest  for  applications 
that  require  low- voltage,  high-speed  field-effect  transistors.  Advantages  of  this 
materials  system  include  the  high  electron  mobility  (30,000  cm2/V-s)  and  ve¬ 
locity  (4xl07  cm/s)  of  InAs,"  and  a  large  conduction  band  offset  between 
InAs  and  AlSb  (1.35  eV).100  Disadvantages  include  impact  ionization  due  to 
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the  small  band  gap  of  InAs,101  and  processing  problems  associated  with  the 
high  reactivity  of  AlSb. 

The  group  of  Prof.  Kroemer  at  University  of  California  at  Santa  Bar¬ 
bara  (UCSB)  reported  high-mobility  InAs/AlSb  SQWs  in  1989,  with  room- 
temperature  and  low-temperature  mobilities  as  high  as  28,000  and  330,000 
cm2/V-s,  respectively.102  They  found  that  high  mobilities  could  be  achieved  if 
and  only  if  the  lower  interface  were  composed  of  InSb-like  rather  than  AlAs- 
like  bonds.103  The  UCSB  group  also  examined  the  well-width  dependence  of 
transport  properties.  Highest  mobilities  were  obtained  for  InAs  thicknesses  of 
130-200  A.  Reduced  mobilities  for  thinner  wells  were  attributed  to  interface 
roughness  scattering.104  Thicker  wells  presumably  exceeded  the  critical  layer 
thickness,  resulting  in  the  formation  of  misfit  dislocations  and  a  reduction 
in  mobility.105  More  recently,  low-temperature  mobilities  of  6-9  xlO5  cm2/V-s 
have  been  achieved  with  1.4-2. 0  fim  GaSb  buffer  layers.106’107 

Sheet  carrier  concentrations  for  unintentionally  doped  InAs/AlSb  SQWs 
are  typically  0.4-1. 0xl012/cm2.  Densities  can  be  increased  to  1.5-2.0xl012/cm2 
by  an  As-soak  technique.103’108  In  this  procedure,  a  layer  of  AlSb,  typically 
100  A,  is  grown  above  the  InAs  QW  and  terminated  with  a  monolayer  of  Al. 
The  surface  is  soaked  in  a  beam  of  As2  for  10-60  s  at  500  °C.  Then,  additional 
AlSb  and  an  InAs  cap  are  grown.  The  origin  of  the  donors  is  not  clear  but 
could  result  from  As^;  antisite  defects. 

Higher  sheet  charge  densities  are  desirable  for  FET  applications.  Si  is  the 
most  common  n-type  dopant  in  III-V  MBE  systems.  Si  is,  however,  amphoteric 
in  the  III-V’s,  producing  n-type  GaAs,  InAs,  AlAs,  and  InSb,  but  p-type  GaSb 
and  AlSb.  Chalcogens  such  as  Te  have  been  used  as  an  n-type  dopant  in  AlSb, 
resulting  in  sheet  carrier  concentrations  as  high  as  3.8xl012/cm2  in  InAs/AlSb 
FETs.109  A  disadvantage  of  introducing  Te  into  an  MBE  system  is  its  high 
vapor  pressure  and  the  resulting  memory  effects.  An  alternative  to  chalcogen 
doping  of  GaSb  and  AlSb  is  modulation  doping  using  a  thin  Si-doped  InAs 
layer  adjacent  to  the  channel.  Malik  et  al.  applied  this  technique  to  InAs/GaSb 
SQWs  and  achieved  densities  as  high  as  3.6xl012/cm2.110  Bolognesi  et  al.  used 
InAs/AlSb  SLs  as  barriers  for  an  InAs  quantum  well  and  doped  selected  InAs 
layers  with  Si  to  obtain  a  sheet  carrier  density  of  1.3xl012/cm2.96 

In  order  to  achieve  doping  of  the  InAs  quantum  wells,  we  designed  a  struc¬ 
ture  in  which  a  4  ML  (12  A)  layer  of  Si-doped  InAs  is  inserted  125  A  above 
the  50  ML  InAs  well  (Fig.  10.26).  The  large  confinement  energy  of  the  4  ML 
quantum  well  allows  the  electrons  to  transfer  into  the  50  ML  InAs  channel. 
The  challenge  in  this  approach  was  to  develop  a  procedure  to  avoid  segrega¬ 
tion  of  Si  atoms  into  the  AlSb  and  the  resulting  self- compensation  of  the  Si 
donors  in  the  InAs.  Hall  effect  measurements  were  performed  on  narrow  Si- 
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Figure  10.26:  (a)  Schematic  of  band  structure  and  (b)  heterostructure  cross-section  for 
modulation  InAs(Si)  doping  of  InAs/AlSb  quantum  wells. 


doped  InAs  quantum  wells  grown  under  a  variety  of  conditions.  At  the  normal 
growth  temperature  of  500  °C  more  than  50%  of  the  Si  atoms  segregate  out 
of  the  4  ML  InAs  layer  and  n-type  conductivity  is  not  obtained.  We  achieved 
n-type  conductivity  by  lowering  the  growth  temperature  to  370-420  °C  during 
growth  of  the  4  ML  InAs(Si)  layer.  Results  are  shown  in  Fig.  10.27  where 
we  plot  sheet  carrier  concentration  and  room  temperature  mobility  versus  Si 
cell  temperature.  For  the  first  three  samples,  carrier  concentrations  range 
from  1.7-2. 6xl012/cm2  with  mobilities  of  23,000-25,000  cm2/V-s.  The  fourth 
sample  has  a  sheet  carrier  concentration  of  3.2xl012/cm2  and  a  mobility  of 
16,000  cm2/V-s.  Quantum  Hall-effect  measurements  show  no  evidence  of  a  par¬ 
allel  conduction  channel  in  the  Si-doped  InAs  layers  for  these  four  samples.  (A 
parallel  channel  was  observed  for  a  sample  with  higher  doping  density.)  Only 
a  single  sub-band  is  occupied  for  the  first  three  samples.  A  second  sub-band 
is  occupied  for  the  3.2xl012/cm2  sample,  causing  the  reduction  in  mobility.111 
Recent  independent  work  by  Sasa  ei  al.  achieved  sheet  carrier  concentrations 
in  the  2-4xl012/cm2  range  by  Si  planar  doping  of  a  6  ML  InAs  quantum  well 
located  80  A  below  a  150  A  InAs  quantum  well  clad  by  AlGaSb.112 

Considerable  progress  in  the  device  performance  of  InAs/AlSb  FETs  was 
reported  in  the  early  1990’s,  with  gate  lengths  in  the  0. 5-2.0  /Jin 
range.109,113,114,115  This  system  appears  promising  for  low-power,  low-noise  ap¬ 
plications.  Recently,  gate  lengths  have  been  reduced  to  0. 1-0.2  /rm.108, 116,117 
In  addition,  we  have  included  an  InAlAs/AlSb  composite  upper  barrier  and 
p+GaSb  layer  within  the  AlSb  buffer.  The  complete  heterostructure  (from  cap 
to  substrate)  is: 
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Figure  10.27:  Room-temperature  sheet  carrier  density  and  mobility  as  a  function  of  silicon 
cell  temperature  for  50  ML  InAs/AlSb  quantum  wells  modulation  doped  by  4  ML  InAs(Si) 
layers.  The  InAs(Si)  layers  were  grown  at  380  °C  (from  Ref.  111). 
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The  InAlAs  and  p+GaSb  layers  eliminated  the  anomalous  kink-effect  typically 
seen  in  the  I-V  characteristics  of  InAs/AlSb  FETs  and  reduced  the  leakage 
current.  The  resulting  device  characteristics  for  a  0.1  gm  gate  length  include 
a  transconductance  of  600  mS /mm  and  an  extrinsic  unity  current  gain  cut-off 
frequency,  fp,  of  160  GHz  at  a  source-drain  voltage  of  0.45  V.  FETs  with  a 
0.5  fin l  gate  length  exhibit  a  transconductance  of  1  S/mm  and  an  intrinsic 
fr-L g  product  of  50  GHzqum.118  This  fp-Lff  product  is  equal  to  the  highest 
that  has  ever  been  achieved  in  any  material  system  at  this  gate  length. 
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Figure  10.28:  (a)  Relative  band  alignment  of  the  conduction  band  of  InAs  (CB)  and  the 
heavy-hole  valence  band  of  GaSb  (VB).  (b)  Hybridized  band  structure  of  the  InAs/GaSb 
with  a  lower  band  (LB)  completely  filled  with  electrons  and  an  upper  band  (UB)  completely 

empty. 


10.3.6  InAs/GaSb  Single  Quantum  Wells 

Since  the  pioneering  work  of  IBM119,120  in  the  late  1970’s,  InAs/GaSb  het¬ 
erostructures  have  served  as  the  archetypal  system  to  explore  the  impact  of  a 
type-II  band  alignment  on  the  properties  of  quantum  wells  and  superlattices. 
Shown  in  Fig.  10.28a  is  the  relative  band  alignment  of  the  conduction  band  of 
InAs  (CB)  with  the  heavy-hole  valence  band  of  GaSb  (VB).  While  the  theo¬ 
retically  or  experimentally  determined  values  for  the  band  alignment  are  still 
somewhat  uncertain,  the  energy  difference  between  CB  and  VB  at  k=0  and 
without  quantum  confinement  is  accepted  to  be  about  150  meV.121'122  Part  of 
the  uncertainty  arises  because  this  value  is  a  function  of  biaxial  strain  in  the 
materials  as  well  as  the  interface  bond  type!23,124,125,126’127.128  Because  the 
valence  band  of  GaSb  occurs  at  higher  energy  than  the  conduction  band  of 
InAs,  one  expects  the  formation  of  an  InAs/GaSb  heterojunction  will  induce 
the  flow  of  electrons  from  the  valence  band  of  GaSb  into  the  empty  states  in 
the  conduction  band  of  InAs.  The  first  experiments  performed  in  this  system 
focused  on  the  creation  of  this  new  type  of  semimetal  characterized  by  a  spatial 
separation  of  free  electrons  in  the  InAs  from  the  free  holes  in  the  GaSb  with, 
as  shown  in  Fig.  10.28a,  both  the  electrons  and  holes  occupying  the  same  val¬ 
ues  of  fc-space.  This  is  to  be  contrasted  with  a  conventional  semimetal  where 
the  electrons  and  holes  coexist  in  the  same  regions  of  real  space  but  occupy 
different  regions  of  fc-space. 

Although  many  workers  in  the  nanostructure  field  continue  to  ascribe  the 
formation  of  a  new  class  of  intrinsic  semimetal  to  the  InAs/GaSb  system, 
Altarelli  and  co-workers  pointed  out  that  this  viewpoint  is  not  compatible 
with  the  symmetry  of  the  bulk  band  structures  of  InAs  and  GaSb,121’129’130.131 
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Specifically,  they  showed  that  a  k*p  interaction  between  the  CB  of  InAs  and 
the  VB  of  GaSb  results  in  a  breakdown  of  the  simple  semimetal  viewpoint.  As 
denoted  in  Fig.  10.28b,  this  interaction  causes  a  level  crossing  and  induces  the 
formation  of  a  small  energy  gap.  There  are  no  free  carriers  at  low  temperatures 
because  the  lower  band  (LB)  is  completely  filled  with  electrons  and  upper  band 
(UB)  is  completely  empty.  However,  there  has  still  been  a  net  charge  transfer  of 
electrons  from  GaSb  into  InAs.  This  charge  transfer  is  evident  in  the  character 
of  the  wavefunction  as  a  function  of  k  in  the  LB.  Specifically,  for  the  LB  at  k— 0 
the  wavefunction  is  mainly  localized  in  InAs.  This  state  was  initially  empty 
before  the  electrons  moved  from  the  valence  band  of  GaSb  into  the  InAs. 
Near  the  crossing  point  of  the  unperturbed  CB  and  VB,  the  wavefunction  is 
delocalized  in  both  InAs  and  GaSb.  As  k  increases  the  admixture  of  GaSb 
wavefunction  continues  to  increase  until  at  large  k  the  wavefunction  of  the  LB 
is  mainly  localized  in  the  GaSb.  In  a  similar  way  the  wavefunction  in  the  UB 
is  of  mixed  character,  where  at  k= 0  the  wavefunction  is  mainly  localized  in 
the  GaSb.  After  the  heterojunction  forms,  the  initially-filled  valence  band  is 
empty.  Accurate  band-structure  calculations  require  this  real  space  transfer  of 
charge  to  be  modeled  with  self-consistent  Hartree  theory.  This  is  not  required 
if  the  layer  thicknesses  of  InAs  and  GaSb  are  made  small  enough  that  the 
sum  of  confinement  energies  of  the  k— 0  LB  and  UB  is  larger  than  that  the 
energy  difference  between  the  VB  of  GaSb  and  the  CB  of  InAs.  Fortunately, 
this  is  the  case  for  the  layer  thicknesses  required  in  infrared  detector  and  laser 
applications.  However,  for  all  cases  the  strong  band  interactions  between  the 
conduction  band  states  of  InAs  and  the  valence  band  states  of  GaSb  require 
the  application  of  a  multi-band  k  *p  envelope  function  approximation. 

While  the  initial  experimental  data  appeared  to  be  explained  with  the 
semimetallic  model  illustrated  in  Fig.  10.28a,  Altarelli  and  co-workers  eluci¬ 
dated  how  the  hybridized  model  in  Fig.  10.28b  could  also  explain  the 
data.121,129,130’131  They  noted  that  all  of  the  observed  properties  in  this  system 
could  be  accounted  for  in  the  context  of  the  hybridized  model  shown  in  Fig. 
10.28b  if  the  carriers  arose  from  an  extrinsic  doping  process.  Because  the  early 
work  indicated  that  the  electron  and  hole  densities  were  not  equal,  it  was  clear 
that  extrinsic  doping  was  contributing  to  the  observed  carrier  densities.  In  the 
case  of  extrinsic  doping,  the  chemical  potential,  ji.  at  T=0  lies  in  either  the 
valence  or  conduction  band.  If  fi  lies  above  (below)  the  k= 0  energy  of  the  UB 
(LB)  only  electrons  (holes)  are  observed.  Shown  in  Fig.  10.29  is  a  schematic 
representation  of  the  case  when  p  lies  in  the  highly  nonparabolic  region  of  the 
conduction  band.  Near  k= 0  there  is  a  pocket  of  holes  and,  at  larger  k,  a  donut 
of  filled  electron  states.  In  extrinsically  doped  samples  with  p  in  this  location, 
both  electrons  and  holes  are  observed  in  cyclotron  resonance  (CR)  and  Hall 
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Figure  10.29:  Schematic  representation  of  InAs/GaSb  band  structure  for  the  case  when  the 
chemical  potential,  fi,  lies  in  the  highly  nonparabolic  region  of  the  conduction  band. 

effect  measurements.  The  locations  of  the  Fermi  wavevector  of  electrons  and 
holes  determine  the  quantitative  properties.  Treating  the  Hall  effect  with  a 
two-carrier  analysis,  the  density  of  holes  or  electrons  is  given  by, 

^  (10-1, 

where  kejh  is  the  electron  or  hole  Fermi  wavevector  and  Ngh  is  the  2D  electron 
or  hole  density.  The  total  number  of  electrons  in  the  upper  band  is  given  by, 

.  (ke,f  ( kh, f 

NT  =  Ns  ~  Ns  =  2~ - 27r  (1°'2) 

In  a  nearly  intrinsic  sample,  Nt  — *•  0  and  kej  =  kj  implying  that  the  upper 
band  is  nearly  empty.  Recently,  Daly  and  co-workers  have  reported  samples 
with  Nt  — +  0. 132  Because  both  electrons  and  holes  were  observed  in  the  early 
CR  and  Hall  effect  measurements,  these  experiments  were  thought  to  verify 
the  semimetallic  model  in  Fig.  10.28a.  However,  this  observation  is  compatible 
with  the  hybridized  band  structure  of  Fig.  10.29  where  n  lies  in  either  the  UB 
or  LB. 

Recent  CR  measurements  have  shown  the  importance  of  the  electron-hole 
hybridization.  When  the  carriers  exist  in  a  parabolic  band,  the  energy  of 
conventional  CR  is  given  by, 

eB 

Hucr  =  — —  (10.3) 

rrfc 


36 


(a)  (b) 

Figure  10.30:  Calculated  results  for  an  InAs/GaSb  electron-hole  hybridized  two-band  model 
where  the  subband  gap  is  38  meV,  the  hybridized  gap  is  2  meV,  electron  effective  mass  is 
0.049mo,  and  hole  effective  mass  is  0.38mo.  (a)  The  Landau  level  development,  (b)  The  C 
and  H  transitions  (from  Ref.  125). 


This  simple  expression  does  not  apply  to  the  highly  nonparabolic  band  struc¬ 
ture  shown  in  Fig.  10.29.  As  indicated  by  Altarelli  and  reproduced  by  Wagner 
et  alP 5  and  Kono  et  a/.133  in  the  most  recent  CR  data,  CR  exhibits  a  very  dif¬ 
ferent  and  complex  frequency  dependence.  Shown  in  Fig.  10.30a  are  energies 
of  the  Landau  levels  (LL)  calculated  from  a  two-band  model  including  band 
hybridization.  The  arrows  in  the  figure  denote  potentially  allowed  CR  (C2) 
and  interband  (H2)  transitions.  In  Fig.  10.30b,  the  energies  of  CR  are  denoted 
by  Cn  and  the  interband  transitions  by  Hn  where  n  is  a  label  that  denotes 
the  LL  indices  involved  in  the  transition.  The  observation  of  these  transitions 
requires  that  the  low-energy  LL  is  partially  filled  and  the  upper  LL  is  partially 
empty.  The  rapid  change  in  Cn  transitions  at  low  energies  has  been  observed 
by  all  of  the  CR  studies  that  have  been  performed  over  the  past  15  years.  In  the 
earliest  work  these  transitions  were  ascribed  to  interband  transitions  and  not 
CR.  While  the  low  temperature  CR  measurements  of  Wagner  et  al.  indicate  no 
evidence  of  conventional  CR  described  by  Eqn.  10.3,  at  higher  temperatures 
conventional  CR  is  observed.125  This  peculiar  observation  is  characteristic  of 
the  hybridized  band  structure.  Specifically,  because  at  low  temperatures  and 
low  electron  densities  the  carriers  exist  in  the  highly  nonparabolic  region  of 
the  band  structure,  conventional  CR  is  not  expected  to  be  observed.  However, 
at  higher  temperatures,  the  carriers  are  thermally  excited  into  regions  of  the 
band  structure  that  are  fairly  parabolic  and  normal  CR  behavior  is  observed. 

Further  support  for  the  hybridized  viewpoint  comes  from  the  data  of  Kono 
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et  al.  that  show  the  smooth  merging  of  the  Cn  transitions  with  the  energy 
of  conventional  CR.133  A  careful  examination  of  Fig.  10.30a  indicates  that 
this  behavior  is  observed  when  ji  is  not  located  at  the  bottom  LL.  Higher 
LL’s  need  to  be  occupied  to  observe  CR  energies  consistent  with  Eqn.  10.3. 
This  can  happen  by  heating  the  sample  to  higher  temperatures,  as  observed 
by  Wagner  et  al.,  or  by  looking  at  more  heavily  doped  samples.  While  many 
aspects  of  the  CR  model  of  Fig.  10.30b  have  been  reported,  the  Hn  tran¬ 
sitions  do  not  exhibit  characteristics  in  total  agreement  with  this  predicted 
behavior.  Specifically,  while  the  earliest  magneto-optical  work  and  the  more 
recent  work  of  Wagner  et  al.,  reveal  Hn  transitions  with  positive  slopes,  the 
predicted  interband  transitions  with  negative  slopes  have  not  been  reported. 
These  transitions  are  expected  to  be  more  difficult  to  observe  because  they 
can  become  partially  or  totally  blocked  by  occupancy  of  the  lowest  UB  LL  by 
electrons. 

Kono  and  co-workers  also  observe  new  magneto-optical  transitions  not 
predicted  by  the  hybridized  model.  This  observation  led  them  to  propose  the 
formation  of  a  bound  electron-hole  state  induced  by  the  excitonic  interaction. 
The  new  magneto-optical  features  are  attributed  to  the  internal  transitions 
of  excitons.  The  NRL  group  has  observed  similar  “bound  state”  features  in 
asymmetric  InAs/GaSb  quantum  wells  with  GaAs  interface  bonds.134  These 
features  are  missing  in  the  asymmetric  samples  with  InSb  interface  bonds  or 
in  symmetric  samples  with  either  bond  type.  Recent  theoretical  work  sug¬ 
gests  that  the  “bound  state”  feature  may  arise  from  spin-splitting  of  the  InAs 
conduction  band.135  Additional  work  is  required  to  clarify  these  results. 

Although  the  CR  and  transport  studies  exhibit  evidence  of  the  forma¬ 
tion  of  a  highly  non-parabolic  band  structure,  none  of  the  studies  has  shown 
compelling  evidence  for  the  formation  of  the  hybridization-induced  energy 
gap.  Recent  capacitance,  Hall  effect,  and  transfer  characteristics  of  Yang  et 
al.  exhibit  characteristics  consistent  with  the  formation  of  a  small  band  gap 
semiconductor 136  In  addition,  by  an  examination  of  the  three  terminal  transfer 
measurements  as  a  function  of  in-plane  magnetic  field,  the  transition  from  a 
small  band  gap  semiconductor  to  a  true  semimetal  has  been  observed.  This 
transformation  is  in  agreement  with  the  expected  behavior  of  the  hybridized 
band  structure  as  a  function  of  in-plane  magnetic  field.136,137 

While  there  has  been  significant  progress  in  understanding  the  band  struc¬ 
ture  in  this  novel  system,  some  questions  remain  and  more  work  needs  to  be 
performed.  In  particular,  issues  related  to  exciton  formation  and  the  impact 
of  interface  bond  type  on  hybridization  need  to  be  clarified.  It  is  also  possible 
that  disorder  at  the  interfaces  can  cause  violation  of  wavevector  conservation 
and  complicate  the  simple  hybridized  viewpoint.  However,  with  more  work  it 
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may  be  possible  to  tune  the  hybridization  gap  and  induce  the  formation  of  an 
excitonic  insulator.  This  interesting  possibility  has  recently  attracted  theoret¬ 
ical  attention  because  one  can  envision  the  formation  of  an  excitonic  insulator 
when  the  binding  energy  of  the  exciton  is  larger  than  the  energy  gap  induced 
by  hybridization.  Under  such  circumstances,  the  comparison  between  the  ob¬ 
served  and  predicted  behavior  of  excitonic  insulators  could  result  in  important 
contributions  to  our  understanding  of  electron-electron  interactions  and  offers 
the  potential  to  study  Bose  condensation  in  a  novel  excitonic  insulator  system. 

10.3.7  InAs/GaSb  Superlattices  for  Infrared  Detectors 

As  first  proposed  by  Smith  and  Mailhiot,138  strained-layer  superlattices  com¬ 
posed  of  InAs/(In)GaSb  layers  are  a  promising  alternative  to  the  HgCdTe  sys¬ 
tem  for  use  in  infrared  detectors.  (Detailed  discussions  on  infrared  applications 
using  II- VI  and  IV-VI  materials  can  be  found  in  Ch.  13  and  14,  respectively, 
in  this  volume.)  The  band  structure  in  this  system  is  type-II,  with  a  tunable 
energy  gap.  Hence,  thin  layers  (7-16  ML)  are  required  to  achieve  significant 
overlap  of  the  electron  and  hole  wavefunctions  and  high  absorption  coefficients. 
As  a  result,  interfacial  layers  will  be  a  significant  fraction  of  the  entire  SL  and 
are  expected  to  influence  the  structural  and  optical  properties. 

To  test  interfacial  control  in  this  system,  we  grew  40-period  superlattices 
with  8  ML  InAs  and  12  ML  GaSb  per  period  (designated  as  8-12),  as  well  as  8-8 
and  12-8.139  The  nominal  interface  type  was  varied  by  using  MEE.  The  growth 
temperature  was  chosen  to  be  400  °C  based  upon  previous  x-ray  diffraction 
studies.140'141  We  show  the  XRD  data  for  three  samples  with  the  8-8  structure 
in  Fig.  10.31a.  Samples  A  and  B  were  grown  with  all  interfaces  nominally 
InSb-  and  GaAs-like,  respectively.  For  sample  C,  InAs  was  grown  on  GaSb 
with  GaAs-like  bonds  and  GaSb  was  grown  on  InAs  with  InSb-like  bonds.  For 
each  sample,  several  SL  diffraction  peaks  are  observed  in  addition  to  the  GaAs 
substrate  and  GaSb  buffer  peaks.  The  resolution  of  the  Kal  and  Ka2  peaks 
for  n=+l,  0,  -1,  and  -2,  along  with  the  presence  of  higher  order  SL  peaks, 
demonstrates  reasonable  crystalline  quality  for  the  SL’s.  As  expected  from 
Bragg’s  law,  the  n— 0  peak  for  sample  B  (GaAs  bonds)  is  at  a  larger  angle 
than  for  sample  A  (InSb  bonds).  Sample  C  is  at  an  intermediate  value. 

In  Fig.  10.31b,  we  plot  our  experimental  average  lattice  constants  as  a 
function  of  the  theoretical  values.  The  point  labeled  “8-8  InSb /GaAs”  corre¬ 
sponds  to  curve  C  in  Fig.  10.31a.  The  interfaces  are  reversed  for  the  sample 
labeled  “8-8  GaAs/InSb”.  The  lattice  constant  differences  due  to  interface 
bonds  are  largest  for  the  8-8  structures  because  the  interfaces  are  a  larger 
fraction  of  the  total  structure.  In  all  cases,  the  theoretical  predictions  and 
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Figure  10.31:  (a)  X-ray  diffraction  6-26  scans  for  three  40-period  superlattices.  Each  period 
consists  of  8  ML  InAs  and  8  ML  GaSb,  along  with  two  interfaces  (see  text).  Superlattice 
satellite  peaks,  as  well  as  the  GaSb  buffer  layer  and  GaAs  substrate  peaks,  are  visible. 
The  curves  are  offset  for  clarity,  (b)  Measured  versus  predicted  average  lattice  constant 
for  InAs/GaSb  superlattices.  The  number  of  MLs  of  InAs,  number  of  MLs  of  GaSb,  and 
nominal  interface  type  are  indicated  for  each  sample  (from  Ref.  139). 


experimental  data  agree  to  within  0.007  A. 

Vibrational  properties  of  GaSb /InAs  superlattices  have  been  investigated 
by  several  groups.  Fasolino  and  co-workers  predicted  the  existence  of  local¬ 
ized  GaAs  interface  vibrations  (or  planar  vibrational  modes,  PVMs)  for  struc¬ 
tures  with  GaAs-like  interfacial  bonds.94  Several  groups  have  experimentally 
observed  GaAs  PVMs  near  250  cm-1.  Raman  scattering  spectra  from  our 
superlattices  show  quasi-confined  optical  phonon  modes  from  the  GaSb  and 
InAs  layers  near  236  cm”1.  In  addition,  clear  evidence  for  the  GaAs  PVMs 
is  observed  near  253  cm”1.  In  contrast,  samples  that  are  grown  with  InSb 
interfaces  do  not  reveal  this  mode  to  within  our  signal  to  noise.  Therefore, 
in  agreement  with  the  XRD  measurements,  the  vibrational  properties  indicate 
that  it  is  possible  to  control  the  chemical  composition  of  the  interfaces. 

In  other  measurements142’143  GaAs  interface  vibrational  modes  occurred 
at  somewhat  lower  energies  than  what  we  observe.  In  order  to  understand  this 
latter  observation,  samples  with  a  mixed  interface  were  grown  intentionally.93 
The  interfacial  composition  was  determined  by  x-ray  diffraction  measurements. 
The  Raman  results  (Fig.  10.32)  show  that  the  GaAs  PVM  shifts  to  lower 
energy  if  the  plane  of  As  atoms  that  bonds  the  GaSb  and  InAs  layers  is  in¬ 
tentionally  contaminated  with  Sb.  This  observation  indicates  that  the  energy 
of  this  mode  is  useful  for  quantifying  the  amount  of  contamination  at  the  in¬ 
terface.  For  example,  we  grew  an  8-8  SL  using  the  Sb  soak  technique  at  the 
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Figure  10.32:  Raman  scattering  data  at  10  K  with  the  Z(X,Y )Z  geometry  for  InAs/GaSb 
superlattices  as  a  function  of  the  As^Sbi-^  plane  that  connects  the  InAs  and  GaSb  layers. 
The  arrows  denote  the  positions  of  the  GaAs-like  planar  vibrational  mode.  The  curves  are 

offset  for  clarity  (from  Ref.  93). 


interfaces.  The  energy  of  the  PVM  indicated  a  mixed  interface;  we  estimate 
approximately  15%  GaAs-like  bonds  and  85%  InSb-like  bonds.144  These  re¬ 
sults  suggest  that  the  MEE  technique  is  superior  to  the  Sb  soak  technique  for 
achieving  pure  InSb-like  interface  bonds.  We  note  that  these  experiments  used 
S  bj4 ;  results  could  be  different  for  Sb2- 

An  important  addition  to  the  type  of  information  that  can  be  obtained 
from  Raman  spectra  was  reported  by  Lyapin  and  co-workers.145  They  showed 
that  under  particular  polarization  conditions  the  vibrational  properties  of  the 
top  and  bottom  interfaces  can  be  studied  independently.  Using  this  tech¬ 
nique,  Lyapin  et  al.  determined  the  metalorganic  chemical  vapor  deposition 
(MOCVD)  growth  sequences  that  resulted  in  abrupt  GaAs-  or  InSb-like  inter¬ 
faces. 

The  interfaces  in  InAs/(In)GaSb  superlattices  have  been  imaged  by  cross- 
sectional,  high-resolution  TEM 146,147,148,149  and  cross-sectional  STM.150,151,152 
We  will  briefly  review  the  highlights  here;  the  reader  is  referred  to  the  original 
papers  as  well  as  the  recent  book  chapter  by  Twigg  ei  a/.144  for  additional 
details. 

Using  TEM,  Twigg  and  co-workers  found  that  the  interface  roughness 
was  a  function  of  bond  type  and  strain  for  samples  grown  using  MEE  at  the 
interfaces.  The  interface  roughness  for  InAs/GaSb  interfaces  with  InSb-like 
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bonds  grown  on  a  GaSb  buffer  layer  (InAs  layer  in  tension)  was  approximately 
1  ML.  The  interface  roughness  increased  to  2-3  ML  when  the  bond  type  was 
changed  to  GaAs-like  and/or  the  buffer  layer  was  changed  to  InAs  (GaSb  layer 
in  compression).  Plan- view  STM  studies  of  InAs/GaSb  surfaces  support  these 
findings.153  These  results,  along  with  the  x-ray  and  Raman  spectroscopy  mea¬ 
surements  discussed  earlier,  lead  to  the  conclusion  that  the  roughness  associ¬ 
ated  with  growth  is  the  primary  source  of  interfacial  disorder,  with  intermixing 
playing  a  secondary  role  in  the  MBE/MEE-grown  samples. 

Feenstra  et  al.  examined  InAs/GaSb  superlattices  grown  by  MBE  but 
using  As  and  Sb  soaks  at  the  interfaces.  Using  cross-sectional  STM,  they 
observed  evidence  of  exchange  reactions  at  the  interfaces,  with  more  intermix¬ 
ing  for  the  InAs-on-GaSb  interface  than  the  GaSb-on-InAs  interface.150  These 
findings  were  attributed  to  an  antimony-terminated  surface  having  a  lower  free 
energy  than  an  arsenic-terminated  surface.  The  result  would  be  an  exchange  of 
Sb  and  As  when  InAs  is  grown  on  GaSb.  Lew  et  al.  investigated  InAs/InGaSb 
superlattices  with  cross-sectional  STM.  They  observed  an  anisotropy  in  inter¬ 
face  structure,  with  interfaces  in  the  (lTO)  plane  exhibiting  a  higher  degree 
of  interface  roughness  than  those  in  the  (110)  plane.152  In  contrast  to  the  re¬ 
sults  of  Feenstra  et  al,  Lew  and  co-workers  found  that  Ino.25Gao.75Sb-on-InAs 
interfaces  are  rougher  than  InAs-on-Ino.25Gao.75Sb  interfaces.  Their  samples 
were  also  grown  with  an  Sb  soak  to  form  nominally  InSb-like  interfaces,  but 
included  Ino.25Gao.75Sb  rather  than  GaSb  layers.  The  interfacial  bond  type 
affects  not  only  structural  and  vibrational  properties  of  InAs/GaSb  SLs  (also 
see  Refs.  154  and  155)  but  also  the  electo-optical  properties.  Photoconductiv¬ 
ity  measurements  of  Waterman  et  a/.123  and  Bennett  et  al 156  showed  that  the 
band  gap  of  SLs  with  InSb  bonds  was  20-50  meV  smaller  than  similar  SLs  with 
GaAs  bonds.  Chow  et  al.  used  variable-temperature  transport  measurements 
to  determine  the  band  gap  of  InAs/InGaSb  SLs  and  found  a  25  meV  difference, 
with  a  larger  value  for  GaAs  bonds.157  Meyer  et  al.  determined  the  InAs/GaSb 
valence  band  offset  by  magneto-transport  and  magneto-optical  measurements. 
They  found  that  the  offset  increased  by  14±5  meV  when  the  bond  type  changed 
from  GaAs-like  to  InSb-like!26  In  contrast,  Wang  et  al.  found  the  band  offset  to 
be  independent  of  interface  composition  but  a  strong  function  of  the  growth  or¬ 
der,  with  the  InAs-on-GaSb  interface  exhibiting  a  larger  valence  band  offset.12' 
Other  groups  have  also  found  that  infrared  reflectivity  is  a  strong  function  of 
interface  bond  type.154,158 

At  least  four  groups  fabricated  infrared  detectors  based  upon  InAs/ (In) 
GaSb  SLs  in  the  last  five  years.159, 160>161>i62,i63,i64  yang  anc[  Bennett  applied 
a  Schottky-diode-like  structure  in  which  the  SL  was  grown  on  an  n+InAs  buffer 
on  a  GaAs(SI)  substrate.159  A  built-in  field  is  established  in  the  SL  as  a  result 
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of  the  Fermi  level  difference  between  the  InAs  buffer  and  the  SL  surface.  The 
device  has  a  turn-on  wavelength  of  8  prr 1,  and  a  responsivity  of  0.07  A/W.  The 
detectivity  is  relatively  low,  presumably  as  a  result  of  large  leakage  currents. 
The  dislocations  generated  by  the  7%  lattice  mismatch  between  the  InAs  and 
GaAs  are  likely  the  dominant  cause  of  the  leakage  currents.159 

Research  by  Jack  et  a/.161  and  Johnson  ei  al 162  investigated  homojunction 
p-i-n  InAs/InGaSb  SL  structures  and  heteroj unction  structures  in  which  an 
unintentionally  doped  InAs/InGaSb  SL  region  was  sandwiched  by  doped  InAs 
and/or  GaSb  layers.  Both  structures  were  grown  on  GaSb  substrates  to  avoid 
generation  of  misfit  dislocations.  Detectivities  of  l-2xl0locmHz1/2/W  were 
achieved  at  77  K  for  both  types  of  devices  at  wavelengths  of  7-10  /m i. 

The  best  detector  characteristics  reported  to  date  are  from  the  recent  work 
of  Fuchs  et  al.  at  the  Fraunhofer  Institute.163,164  They  used  MBE  to  fabricate 
InAs/InGaSb  homojunction  p-i-n  detectors.  The  complete  structure  is: 


100  A  InAs(Si) 

50x(12  ML  InAs(Si)/10  ML  In0.2Ga0.gSb) 
15x(12  ML  InAs/ 10  ML  In0.2Ga0.gSb) 
88x(12  ML  InAs/ 10  ML  Ino.2Gao.8Sb(Be)) 
5000  A  GaSb(Be) 

_ GaSb(OOl) _ 


The  Si  doping  level  in  the  n-type  SL  was  lxl018/cm3;  the  Be  doping  level  in 
the  p-type  SL  varied  from  2xl017/cm3  to  lxl018/cm3  .  The  interface  bond 
types  alternated,  with  InSb-like  interfaces  for  InAs  on  InGaSb  and  GaAs- 
like  interfaces  for  InGaSb  on  InAs.  In  Fig.  10.33,  we  show  the  Fuchs  et  al. 
data  for  8  pm  photodiodes  with  a  current  responsitivity  of  2  A/W  (up  to 
180  K).  The  product  of  the  dynamic  impedance  and  the  area,  R0A,  along 
with  the  detectivity,  D*,  are  plotted  as  a  function  of  temperature.  At  77  K, 
RoA«1000  D-cm2  and  D*«1012cmHz1/,2/W  are  observed. 

10.4  Summary 

In  recent  years,  researchers  have  reported  significant  advances  in  the  growth 
of  Sb-based  semiconductors  by  MBE.  An  important  factor  has  been  the  de¬ 
velopment  of  techniques  to  measure  growth  temperature  and  to  characterize 
and  control  interfacial  bonding.  In  addition,  progress  can  be  attributed  to 
the  availability  of  better  source  materials,  high-quality  GaSb  substrates,  and 
valved  arsenic  crackers. 

The  large  lattice  mismatch  between  InSb,  GaSb,  or  AlSb  and  GaAs  can 
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Figure  10.33:  Temperature  dependence  of  the  dynamic  impedance  and  detectivity  at  zero 
bias  voltage  for  InAs/InGaSb  superlattice  p-i-n  photodiodes  (from  Ref.  164). 


lead  to  the  formation  of  self-assembled  quantum  dots  during  the  initial  stages  of 
epitaxy.  As  discussed  in  Sec.  10.2.2,  these  QDs  have  a  type-II  band  alignment 
with  holes  in  the  (In,Ga,Al)Sb  and  electrons  in  the  surrounding  GaAs.  Raman 
spectra  reveal  vibrational  modes  that  are  sensitive  to  the  composition  of  the 
QDs.  In  situ  STM  experiments  reveal  a  complex  wetting  layer  structure. 

Lattice  mismatches  are  small,  but  not  negligible,  within  the  6.1  A  fam¬ 
ily  of  InAs,  GaSb,  and  AlSb.  The  unique  band  alignments  of  these  materials 
have  led  to  proposals  for  several  electronic  and  electro-optic  devices.  As  dis¬ 
cussed  in  Sec.  10.3,  progress  has  been  reported  for  both  high-frequency  FETs 
and  infrared  detectors.  In  addition,  several  groups  have  recently  advanced  the 
state-of-the-art  in  infrared  lasers  and  resonant  tunneling  diodes  based  upon  ar- 
senide/antimonide  heterostructures.  In  the  future,  work  on  fundamental  issues 
of  band  structure  and  epitaxial  growth  should  continue  in  parallel  with  device 
development.  At  this  point,  we  are  only  beginning  to  explore  the  connections 
between  electronic/optical  properties  and  morphology,  surface  reconstructions, 
interfacial  abruptness,  and  anion  species. 
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